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Abstract 
 
Carbon (C) storage in residual live lodgepole pine trees in northern BC at 
Kennedy Siding was measured 11 and 12 years after a severe mountain pine 
beetle (MPB) epidemic.  Kennedy Siding eddy covariance (EC) measurements 
showed that the net ecosystem productivity (NEP) was quick to recover C sink 
status.  In this study, measurements of heights and diameters of 160 residual live 
lodgepole pine trees and a subset of 60 tree cores were used to calculate 
residual tree stem C-storage in 2017 and 2018 (36.01 and 26.71 g C m-2 yr-1 
respectively).  Dendrochronology analyses indicated that residual pine trees 
released on average 392% in the decade following versus the decade prior to 
MPB-attack.  Stem C-storage was strongly and positively correlated with EC-
NEP measurements (R2=0.77) and percent downed canopy trees (R2=0.837), 
suggesting that growth release of residual trees was likely driven by 
improvements in resources (e.g. light, moisture, nutrient).  
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Chapter 1: Introduction 2 
 3 
Historical cycles of MPB in British Columbia  4 
  5 
 Cyclical outbreaks of the mountain pine beetle (MPB) (Dendroctonus 6 
ponderosae Hopkins; MPB) on its primary host lodgepole pine (Pinus contorta 7 
var. latifolia Douglas) have occurred throughout western North America (NA) 8 
including British Columbia (BC) for hundreds of years (Alfaro et al. 2003; Jarvis 9 
and Kulakowski 2015).  The range of MPB extends from northern Mexico to 10 
northwestern BC and from the Pacific coast inland to South Dakota and the 11 
Alberta-Saskatchewan boarder in Canada (Safranyik et al. 2006). Mountain pine 12 
beetle outbreak cycles seem to occur in four stages based on beetle prevalence, 13 
progressing through low (endemic) to moderate (incipient epidemic), high 14 
(epidemic), and then declining (post-epidemic) levels (Safranyik et al. 2006). 15 
MPB epidemic cycle periodicity in the BC interior has historically ranged from 12-16 
53 years, likely depending on climatic conditions and suitable host tree 17 
availability (Alfaro et al. 2003; Axelson et al. 2009, 2010).  Outbreaks across 18 
western North America have likely occurred for centuries and we have evidence 19 
of outbreaks dating back as far as we have records, to the 1760’s. These 20 
outbreaks have normally been synchronous, occurring from Colorado to central 21 
BC in one MPB cycle (Jarvis and Kulakowski 2015).  22 
 2 
 While MPB epidemics are a natural disturbance regime western NA, both 23 
forest management and climate change (e.g. warmer winters) appear to be 24 
exacerbating them (Raffa et al. 2008).  Forest management, including fire 25 
suppression, continue to create an elevated proportion of susceptible pine stands 26 
across the landscape (Campbell et al. 2007) that should permit outbreaks to 27 
spread more quickly across vast sub-boreal and boreal landscapes (Burton 28 
2006).  With respect to climate change, 2.5°C of global average warming could 29 
extend the future range of MPB northward by 7° in latitude, further extending the 30 
reach and severity of future MPB epidemics (Logan and Powell 2001; Carroll et 31 
al. 2003).  32 
The recent MPB epidemic in BC (1999-2012) 33 
 34 
 The most recent MPB outbreak in BC, and the most severe in recorded 35 
history (Kurz et al. 2008), began in the late 1990’s and mostly subsided by 2012 36 
(Walton 2013).  The outbreak peaked in 2004, with estimates of 722.5 million m3 37 
(53%) of merchantable pine killed in BC by 2012 (Walton 2013).  This outbreak 38 
lead to a increase in the chief foresters allowable annual cut (AAC) in the interior 39 
of BC (Forest Practices Board 2007) between 2001 and 2006 as a reactionary 40 
response to salvage dead and dying pine before its wood quality was 41 
compromised (Forest Practices Board 2007).  The increase in the AAC worsened 42 
an already troubling mid-term timber supply crisis for the forest industries in 43 
central BC, (Forest Practices Board 2007; Burton 2010), leaving many to 44 
question the social, economic and environmental repercussions of aggressive 45 
 3 
salvage logging.  In response to the 36% increase in the allowable timber 46 
harvest, researchers investigated how these heavily impacted MPB stands 47 
respond and recover with or without various types of harvesting interventions.   48 
 49 
Modeled C-balance in MPB-attacked stands 50 
 Initial modeling of the potential effect of MPB on carbon budgets of BC 51 
forests suggested significant losses of CO2. The Carbon Budget Model of the 52 
Canadian Forest Sector (CBM-CFS3), using a variety of historical BC forest 53 
carbon relationships, was used to predict the C-budgets of MPB-attacked forest 54 
affected by beetle, logging and subsequent fire (Kurz et al. 2008).  The 55 
predictions by Kurz et al. (2008) forecasted significant losses of carbon (270Mt 56 
CO2) to the atmosphere from 2000-2020, driven largely by decay of MPB-killed 57 
trees. The fear of excessive losses of CO2 from decaying trees was influential in 58 
the promotion of the aforementioned increase in the AAC in BC.  59 
 An assessment of MPB impacts on forest C balance across the western 60 
United States by Edburg et al. (2011) used the Community Land Model (CLM), a 61 
process model based on dynamic live, dead and coarse woody debris (CWD) 62 
pools to calculate C storage based on fall down rates and transitions of live to 63 
dead wood under different MPB-attack scenarios.  In their findings, the CLM 64 
predicted 14 years were needed to reach positive net ecosystem productivity 65 
(NEP) with forests returning to a C-source 28-47 years post-attack due to 66 
increased decomposition following snag fall.  These two distinct periods of 67 
decreased or negative NEP were driven by different processes, the initial drop 68 
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because of live tree mortality and therefore decreased photosynthesis, and the 69 
second decline due to a 25 year delay in snag-fall and subsequent 70 
decomposition.  A variety of CLM model scenarios with different severity, 71 
duration and snag-fall rates of MPB-attacked stands suggested that severity of 72 
attack has the greatest impact on C storage (Edburg et al. 2011).  A major 73 
limitation in this model is that it does not consider age-class structure.  As a 74 
result, they suggested that MPB-attacked stands might recover positive NEP in 75 
the short term due to a growth release of non-canopy trees, which could then be 76 
offset to some degree in the longer term through decomposition of falling dead 77 
trees.  78 
 More recently, 3-PG, a process model developed by Landsberg and 79 
Waring (1997), was used to re-evaluate the impacts of MPB on forest C in central 80 
BC (Meyer et al. 2018).  Specifically, the modified 3-PG model predicted a 81 
recovery of ~50% of the pre-outbreak net ecosystem productivity (NEP) in the 82 
first 10 years following the MPB outbreak.  Additionally, Meyer et al. (2018) also 83 
added a heterotrophic respiration model to 3-PG in order to estimate net 84 
ecosystem productivity (NEP) and a 2-layer canopy to better represent post-MPB 85 
forest stand structure and recovery.  Good agreement between monthly 3-PG 86 
NEP estimates and eddy-covariance system NEP measurements were observed 87 
(R2 =0.72) at several MPB-attacked forest sites in central BC, providing some 88 
added confidence in the modified 3-PG model results.  By comparison with CBM-89 
CFS3 and CLM, this model suggested that the loss of CO2 might be mitigated by 90 
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the growth release (i.e. accelerated growth) of remaining live trees and increased 91 
productivity of understory plants.  92 
 Similarly, the Forest Vegetation Simulator (FVS) predicted that total above 93 
ground carbon (AGC) would return to pre-outbreak levels in 25 (Pfeifer et al. 94 
2011) and 40 years (Caldwell et al. 2013) in the simulations run on MPB stands 95 
in Idaho and Colorado, agreeing with the 3-PG model output for recovering MPB 96 
forests in central BC (Meyer et al. 2018).  The FVS is tree specific, allowing it to 97 
determine the effects of competition on individual trees based on stand density 98 
and canopy position (Pfeifer et al. 2011; Caldwell et al. 2013).  Therefore this 99 
model is showing the ability of individual trees to accelerate growth and return of 100 
C-levels in a few decades (Pfeifer et al. 2011). 101 
Finally, using the Integrated Biosphere Simulator (IBIS), coupled with 102 
Marauding Insect Module (MIM), Landry et al. (2016) demonstrated the 103 
importance of all residual pine and non-pine species for recovery of NEP through 104 
growth release.  The IBIS-MIM model also included grass and shrub vegetation 105 
in NEP calculations, unlike other models previously mentioned.  Finally, their 106 
study emphasizes the importance of compensatory growth of target as well as 107 
non-target species after canopy tree mortality events (Landry et al. 2016).   108 
 109 
   110 
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Measured C-balance of MPB-attacked stands 111 
112 
  113 
Figure 1.1. Map showing the location of Kennedy Siding, Crooked River, and 114 
Summit Lake, the three EC sites located in the Omenica Natural Resource 115 
Region. 116 
 117 
 In BC, Kennedy Siding (KS), Crooked River (CR) and Summit Lake (SL) 118 
are MPB-attacked sites that have been used for C-storage research (Brown et al. 119 
2010).  All sites are located between Prince George and Mackenzie, BC, along 120 
Highway 97 and are dominated by lodgepole pine that experienced significant 121 
mortality as a result of the latest MPB epidemic (Brown et al. 2010; Mathys et al. 122 
2013).   123 
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 124 
Eddy Covariance 125 
  126 
 Stand level measurements of forest C balance can be achieved through 127 
the use of eddy covariance (EC) systems based on high precision measurements 128 
of wind in three dimensions (3D ultrasonic anemometer) and an open path 129 
infrared gas analyzer (IRGA) mounted on a tower ~6-8m above the canopy to 130 
measure stand-level CO2 fluxes (Brown et al. 2010; Brown et al. 2012).  Stand 131 
level EC-based NEP determinations for the Kennedy Siding, Crooked River and 132 
Summit Lake MPB-attacked pine-dominated stands in northern BC began in 133 
2006, 2007 and 2009, respectively.  Together, these studies suggest that stands 134 
sufficiently stocked with residual live trees following MPB-attack can become 135 
annual CO2 sinks in 3-5 years, whereas salvage-logged clear-cut stands can 136 
remain C-sources for decades (Brown et al. 2010; Brown et al. 2012; Mathys et 137 
al. 2013).  These measurements align well with the modeled predictions of 138 
Pfeifer et al. (2011) and  Meyer et al. (2018), wherein net C-losses from MPB 139 
impacted stands would be minor and stand recovery of net C-sink status rapid 140 
over the first decade after attack.  At these sites, Brown et al. (2010, 2012) found 141 
that even with 80-95% MPB-attack canopy mortality, annual stand-level C-sinks 142 
recovered in 3 to 5 years.  In a separate study, EC systems were also deployed 143 
in MPB salvage-logged clear-cut stand and an adjacent partial-cut (80% removal) 144 
across two years near Summit Lake, BC (Mathys et al. 2013).  Interestingly, 145 
while the clear-cut was a significant growing season C-source, as expected, the 146 
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partially harvested stand remained a growing season C-sink after harvest.  Clear-147 
cut salvage harvesting exacerbated the losses of C by removing all residual 148 
vegetation that had the potential to aid in mitigating C-losses. Similar to the 149 
results of Brown et al. (2012) and Mathys et al. (2013), a Wyoming study found 150 
that stand-level net CO2 exchange remained relatively unaffected by MPB-attack, 151 
once again indicating that post-MPB C-storage and recovery is largely dependent 152 
on the amount of residual live vegetation (Reed et al. 2014).   153 
Mensuration approaches 154 
  155 
 Growing season gross ecosystem production (GEP) measurements at 156 
Kennedy Siding and Crooked River aligned well with EC measurements of 157 
growing season NEP (Bowler et al. 2012).  At both sites, the main contributors to 158 
GEP were the residual live canopy and sub-canopy conifers (mostly lodgepole 159 
pine) and the broadleaved species, although much of the C captured in non-160 
woody broadleaved species GEP would not contribute substantially to annual 161 
site-level C storage.  Bowler et al. (2012) calculated GEP using a bottom-up 162 
approach combining leaf area index measurements for different plant functional 163 
groups and instantaneous gas-exchange measurements for each.  Conifer trees 164 
were found to be the main contributors to GEP, followed by broadleaved species. 165 
By contrast, immature conifers and conifer seedlings (primarily lodgepole pine) 166 
made minimal contributions to GEP.  It was noted that the stands in this study 167 
typically have the lowest density of conifer seedlings of all pine-leading 168 
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Biogeoclimatic zones in BC, and are therefore unlikely to be representative of 169 
other such forest types in the province (Bowler et al. 2012). 170 
 171 
Growth release in MPB-attacked stands  172 
Approaches for measuring growth release 173 
 Determining growth release of trees following a disturbance is primarily 174 
calculated using an average growth measurement from a predetermined number 175 
of years before a disturbance and comparing that with the average growth rate 176 
for a period after that disturbance.  A growth release is an abrupt period of 177 
increased growth occurring after the opening up of a canopy that may last a 178 
number of years (Hawkes et al. 2004).  Although there are multiple approaches 179 
used to quantify release, dendrochronology is the most common method used to 180 
determine growth for a period from before and after a disturbance such as an 181 
MPB-outbreak (Alfaro et al. 2003; Axelson et al. 2009; Smith et al. 2012; 182 
Amoroso et al. 2013).  Researchers can use a variety of time intervals to 183 
determine growth release, although 5 or 10-year periods are the most common 184 
(Alfaro et al. 2003; Amoroso et al. 2013).  Standardization of ring-widths allows 185 
researchers to correct for age related growth trends (Smith et al. 2012).  In some 186 
cases, researchers will use a 5-10 year mean ring width prior to attack and 187 
compare each subsequent year individually to determine a year by year growth 188 
release (Alfaro et al. 2003; Amoroso et al. 2013).  Another option is to use a 189 
mean for a 5 or 10-year period before and after MPB-attack and determine the 190 
overall growth response for that period Whitehead et al. (2007).  The third 191 
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approach is to use a 10 year running mean to smooth out the growth response 192 
line, an approach that makes annual changes less prominent and therefore 193 
requires a lower % increase to quantify as release (Axelson et al. 2009).  Finally, 194 
multiple cores are generally taken to reduce the error from uneven radial growth 195 
(Hawkins et al. 2013).  All of these methods will determine if a tree has 196 
undergone a growth release.  However, year-by-year methods are best suited 197 
when determining duration of release (Alfaro et al. 2003; Amoroso et al. 2013), 198 
running averages further decrease any potential stochastic environmental effect 199 
(Axelson et al. 2009), and the before and after periodical comparison is best 200 
suited to determine the overall response of trees (Whitehead et al. 2007).   201 
   202 
Post-disturbance residual live conifer growth release in BC  203 
 Conifers in BC appear to readily undergo growth releases following natural 204 
thinning events such as MPB-outbreaks and fire (Alfaro et al. 2003; Axelson et al. 205 
2009).  Although the duration and interval between these release events is 206 
variable, they usually last ~13.8 years (range of 5 to 23) with a duration of ~42 207 
years (range of 28-53 years) in the Chilcotin region of BC, similar to observations 208 
in south central BC (Alfaro et al. 2003; Axelson et al. 2009).  There appears to be 209 
a correlation between % overstory mortality and both the % of surviving trees that 210 
release and the extent of their release (Amoroso et al. 2013).  In stands with 211 
>70% mortality a strong radial growth release was observed, whereas, in stands 212 
with <70% mortality stands typically had <30% of the surviving trees release 213 
(Amoroso et al. 2013).  However, Hawkins et al. (2013) report this relationship 214 
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between overstory release and mortality rates in central BC.  Overall, Amoroso et 215 
al. (2013) saw 62% of surviving overstory pine trees release, 30% were 216 
suppressed and 8% had no change.  Trees in younger age classes generally 217 
have a higher release than the older trees with a significant release being 218 
observed in trees up to 120 years (Hawkins et al. 2013).  219 
Understory conifer growth release in BC  220 
 Understory growth response is a major factor in the ability of an MPB-221 
attacked stand to recover basal area and structure quicker than a normal rotation 222 
following clearcut harvesting.  Most healthy understory trees have a positive 223 
growth response following MPB-outbreak, this is expected after canopy opening 224 
allows more light to penetrate to the understory trees (Brown et al. 2012; 225 
Hawkins et al. 2013).  Additionally, decreased competition for soil moisture and 226 
nutrients allows residual vegetation to flourish after an attack (Brown et al. 2010; 227 
Brown et al. 2012).  Shade tolerant species such as subalpine fir (Abies 228 
lasiocarpa (Hooker) Nuttall) and interior spruce (Picea glauca x engelmannii 229 
(Moench) Voss Parry ex Engelm.) had the most positive responses to MPB-230 
outbreak, 90% and 81% respectively (Amoroso et al. 2013).  However, positive 231 
growth responses were also observed in 75% and 66% of subordinate Douglas-232 
fir (Pseudotsuga menziesii var. glauca (Mirb.) Franco) and lodgepole pine, 233 
respectively.  234 
 235 
 236 
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Knowledge gaps in the literature 237 
 Growth release in understory trees following a natural thinning event such 238 
as an MPB-attack has been accepted in the literature (Amoroso et al. 2013). 239 
There is also an emerging understanding, both from EC measurements and 240 
process models, of how forest stands recover their C sink status after 241 
disturbance (Pfeifer et al. 2011; Brown et al. 2012; Caldwell et al. 2013; Meyer et 242 
al. 2018).  These recent discoveries along with growth and yield modeling of 243 
stands assessed post-MPB-attack have increased our understanding of the 244 
resiliency of lodgepole pine stands to MPB-outbreaks.   245 
The literature is more limited with respect to our understanding of which 246 
components of the forest are storing C following an MPB-outbreak.  While 247 
residual trees are generally implicated, there is little suggestion as to which age- 248 
or size-classes are most likely to benefit.  The literature is also unclear with 249 
respect to the factors responsible for the variability of growth release, which may 250 
vary with geographical location.  We suspected that fall-down rate would be 251 
important as it elevates light levels in the understory, a relationship that is well 252 
supported by the literature (Coates and Hall 2005).  Less is known about other 253 
effects, e.g. increased soil moisture after loss of canopy tree transpiration.  Since 254 
EC measurements are a more recent tool in forest physiology, there are fewer 255 
cases where growth release responses, and more specifically, bottom up 256 
measures of NEP based on residual tree densities and annual radial growth 257 
increments, are correlated with EC system estimates of NEP.  In total, this study 258 
was an attempt to address these gaps in the literature to better understand the 259 
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ways in which pine stands can recover after a catastrophic event such as the 260 
most recent MPB epidemic in BC.   261 
 262 
Research Questions 263 
With this in mind and the aforementioned limits in the current research, we 264 
sought to address the following three questions: 265 
 266 
1. How much do residual live lodgepole pine trees contribute to net C 267 
storage after MPB-attack? 268 
2. Is soil moisture related to radial and vertical growth of residual live pine?  269 
3. How do canopy position, age and size class affect release and net C-270 
storage in residual live pine? 271 
  272 
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Chapter 2: The effect of canopy position and soil 273 
moisture on radial and vertical growth of residual live 274 
lodgepole pine 11 years after MPB attack in northern 275 
BC 276 
 277 
Introduction 278 
Mountain Pine Beetle in BC 279 
 Mountain pine beetle (MPB) (Dendroctonus ponderosae Hopkins; MPB) in 280 
British Columbia (BC) has gone through cycles of outbreaks on its primary host 281 
lodgepole pine (Pinus contorta var. latifolia Douglas) for centuries (Alfaro et al. 282 
2003; Jarvis and Kulakowski 2015).  MPB outbreaks in BC occur every 12-53 283 
years with the time between outbreaks likely related to climatic conditions and 284 
availability of suitable hosts (Alfaro et al. 2003; Axelson et al. 2009, 2010).  285 
Dating back to the 1760’s, natural outbreaks across western North America 286 
appear to have been synchronized (Jarvis and Kulakowski 2015).   287 
 Mountain pine beetle outbreaks seem to be exacerbated by forest 288 
management (e.g. pure pine plantations) and climate change (e.g. warmer 289 
winters) (Raffa et al. 2008).  Forest management and fire suppression across the 290 
interior of BC have provided a more continuous cover of susceptible pine trees 291 
(Campbell et al. 2007) which may allow future outbreaks to spread more quickly 292 
across vast landscapes (Burton 2006).  Climate change may also affect future 293 
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MPB epidemics by accelerating beetle development/reproduction, extending their 294 
range to the north and east, and increasing their winter survival (Ciesla 2015).  In 295 
just the past 100 years, average minimum winter temperature has increased by 296 
2.2-2.6oC in BC allowing for greater MPB winter survival rates (Ciesla 2015).   297 
This increase in winter temperature assisted the rapid spread of the recent 298 
outbreak (Ciesla 2015).   299 
 The most recent MPB outbreak in BC (1999-2015) is the most severe 300 
outbreak recorded with 731 million m3 of pine trees killed in BC by 2015 (Ministry 301 
of FLNRORD 2016).  Over the course of the outbreak, ~740 million m3 (55%) of 302 
lodgepole pine will be killed by 2020, with the greatest losses occurring in 2005 303 
(Ministry of FLNRORD 2016).  304 
  According to the Forest Practices Board (2007) the Chief Forester raised the 305 
allowable annual cut (AAC) in BC to unsustainable levels from 2001-2006 to 306 
salvage as much value from the dead wood as possible because there were 307 
concerns that the wood quality would deteriorate rapidly.  However, the increase 308 
in AAC worsened the mid-term timber supply crisis that has projected a shortfall 309 
lasting at least 30 years (BCMOFR 2007; Forest Practices Board 2007; Burton 310 
2010).  Recent reports expect the mid-term AAC to decline to 20% under 311 
historical norms and remain there until 2080, leading to a contraction in the forest 312 
industry in BC (Chartered Professional Accountants 2015).   313 
Measured and Modeled C-storage following MPB 314 
 Initial modeling of carbon (C) storage following the recent MPB-outbreak 315 
was alarming.  Kurz et al. (2008) predicted total losses of 270Mt of CO2 to the 316 
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atmosphere from the imminent decay of MPB-killed lodgepole pine trees in BC.  317 
These losses were expected to be between 2000-2020, with an additional 50Mt 318 
of CO2 being lost from salvage harvesting operations (Kurz et al. 2008).  319 
However, subsequent models and measurements suggest that stands with 320 
adequate residual live trees and vegetation will recover C-storage and basal area 321 
rapidly (Pfeifer et al. 2011; Brown et al. 2012; Caldwell et al. 2013; Hawkins et al. 322 
2013; Meyer et al. 2018).  Subsequent research has shown that residual live 323 
lodgepole pine trees as well as advanced regeneration contribute to stands 324 
recovering rapidly compared to the ~80 year rotation following clear-cut salvage 325 
harvest (Bowler et al. 2012; Pfeifer et al. 2011; Brown et al. 2012; Caldwell et al. 326 
2013; Hawkins et al. 2013; Meyer et al. 2018; Mathys et al. 2013).   327 
 328 
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 329 
Figure 2.1. Map showing the location of Kennedy Siding, Crooked River, and 330 
Summit Lake, the three EC sites located in the Omineca Natural Resource 331 
Region.  332 
  333 
 To better understand the effect of the recent MPB epidemic on the carbon-334 
balance of northern pine forests in BC, eddy covariance systems were 335 
established in several MPB-affected stands dominated by lodgepole pine at 336 
Kennedy Siding (KS), Crooked River (CR) and Summit Lake (SL) in 2006, 2007 337 
and 2009 (Brown et al. 2010; Mathys et al. 2013).  Research at the KS and CR 338 
sites suggest that the reduction in competition for resources in heavily impacted 339 
MPB sites are recovering to annual C-sinks within 3 and 5 years (Brown et al. 340 
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2012).  Short-term gas exchange measurements found that residual live 341 
overstory trees were responsible for the majority of the gross ecosystem 342 
production (GEP) at the both KS and CR with broadleaved species also 343 
contributing significantly at CR (Bowler et al. 2012).  Given leaf fall of 344 
broadleaved species every year and significantly less woody material compared 345 
to overstory and sub-canopy trees, the residual trees are more likely a large 346 
proportion of the net ecosystem productivity (NEP).  Likewise, Mathys et al. 347 
(2013) found that harvest operations at SL that selectively removed the dead 348 
trees, were growing season C-sinks, whereas the adjacent clearcut was a large 349 
C-source.  350 
Response of residual trees to an MPB-outbreak  351 
 Growth of residual live lodgepole pine trees is likely affected by the 352 
amount of sunlight and soil moisture available.  Canopy position, larger overstory 353 
trees or smaller sub-canopy trees, will affect the amount of available light as 354 
overstory trees have significant shading effects on lower canopy species (Coates 355 
and Hall 2005).  Microsite features such as soil texture and slope position will 356 
affect the availability of soil moisture (Rex and Dubé 2009).  Mortality events, 357 
such as an MPB-outbreak, reduce competition for soil moisture and light, thus 358 
leading to many surviving trees exploiting the increase in available resources 359 
(Dhar and Hawkins 2011).  Increased resource availability commonly leads to an 360 
increase in radial and vertical growth rates in healthy surviving trees (Veblen et 361 
al. 1991; Coyle et al. 2016).  362 
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 Soil moisture can often be a limiting resource.  At a site located 35 km 363 
from Mackenzie, BC (Kennedy Siding) Brown et al. (2014) determined that stand-364 
level evapotranspiration (E) did not change despite the loss of ~80% of the 365 
overstory trees because of a suspected increase in water use by residual 366 
vegetation.  The loss of ~80% or more of overstory trees creates more favorable 367 
growing conditions for residual trees due to decreased interception of light 368 
(Coates and Hall 2005).  If Brown et al.'s (2014) hypothesis that residual 369 
vegetation is increasing water uptake as overstory trees die is correct, the 370 
remaining trees may release because of more favorable growing conditions.  In 371 
addition, light becomes more available to surviving vegetation as the mature 372 
overstory trees die, lose needles and fall-down following a MPB-outbreak 373 
(Coates and Hall 2005).  Multiple studies reported delayed growth release in 374 
residual trees. The delay is often associated with the period between attack and 375 
the loss of needles, and the subsequent increase in light to sub-canopy survivors 376 
(Heath and Alfaro 1990; Pousette 2010).  Heath and Alfaro (1990) determined 377 
that there is an inverse relationship between the percent increase in growth and 378 
the initial size and age of the tree in the Cariboo region of BC.  For example, 379 
smaller and younger Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) 380 
Franco) trees exhibited a more significant proportional response than the older 381 
and larger trees following an MPB-outbreak.   382 
 Research at Kennedy Siding and Crooked River following the recent MPB-383 
outbreak has demonstrated that stands can recover to C-sinks (Brown et al. 384 
2012) much quicker then predicted by Kurz et al. (2008).  The short-term gas 385 
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exchange research of Bowler et al. (2012) determined that residual trees and 386 
broadleaved species are the most significant contributors to GEP during the 387 
growing season.  Therefore, it is likely that the residual trees are the major 388 
contributors to NEP.  However, further research is needed to determine if long-389 
term C-storage of residual tree stems coincides with scaled up short-term GEP 390 
measurements of Bowler et al. (2012).  This research is also needed to 391 
determine where the long term C-storage is and if stems of residual live 392 
lodgepole pine trees are storing a significant amount of long term C following the 393 
MPB-outbreak.  Also, this research aims to determine if there is a relationship 394 
between available soil moisture and C-storage following a MPB-outbreak.  If 395 
residual live lodgepole pine trees are significant in the rapid recovery of C-396 
storage, maintaining these legacies following outbreaks is crucial if we are to 397 
minimize the losses of C from our forest stands.  I hypothesized that residual 398 
surviving lodgepole pine trees would store a significant amount of long-term C in 399 
their stems following the recent MPB-outbreak.  I also expect there is a 400 
significant relationship between available soil moisture and C-storage of these 401 
trees.   402 
 403 
Materials and Methods 404 
Site Description 405 
 406 
 The study area was east of Highway 97 on the Kennedy Siding Road, 407 
~30km southeast of Mackenzie, BC, Canada (55°06’42.6’’N, 122°50’28.5”W).  408 
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This site was selected because: an Eddy Covariance (EC) flux tower has been 409 
measuring ecosystem CO2 and H2O vapour fluxes (among other measurements) 410 
at the site since the summer of 2006 just prior to a mountain pine beetle (MPB) 411 
mass attack of a lodgepole pine dominated forest; and, ancillary plots established 412 
in 2008 to monitor the fall-down rate of MPB-attacked trees within the EC flux 413 
tower footprint provided a legacy of information relating to stand structure since 414 
time of attack. My experiments aimed to leverage these on-going datasets with 415 
my own research on residual live trees mostly within the perimeters of the fall-416 
down plots.   417 
The Kennedy Siding site has been characterized previously in a number of 418 
publications, e.g. see Brown et al. (2010) and Bowler et al. (2012).  In brief, the 419 
study site occurs within the sub-boreal forests south of the Pine Pass in northern 420 
BC.  Site ecosystems are largely in the SBS wk2 biogeoclimatic zone in the 02 421 
series based on a majority cover of lodgepole pine and presence of Cladonia 422 
spp. ground lichens (Meidinger and Pojar 1991).  The 02 series is the driest in 423 
the SBS wk2 and characterized by coarse textured soils with the inclusion of 424 
34% coarse fragments by volume (Brown et al. 2012), 53% rock and small stone 425 
by weight, allowing moisture to drain quickly.  The site was and remains 426 
dominated by lodgepole pine.  At the time of attack, the stand was ~80 years old, 427 
with a very sparse inclusion of subalpine fir (Abies lasiocarpa (Hooker) Nuttall) 428 
and white spruce (Picea glauca (Moench) Voss); Vaccinium spp., mosses and 429 
Cladonia spp. dominate the understory (Brown et al. 2010).   430 
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 431 
 432 
Tree and plot selection 433 
 434 
 In May of 2017, eight research plots were installed across the KS study 435 
area, with 7 overlapping the ‘fall-down rate’ plots of Seip and Jones (2007), and 436 
an eighth plot in a nearby forest stand with a higher number of surviving trees to 437 
increase the range of surviving residual pine densities.  Ten pairs of residual live 438 
trees (>6.5 cm in dbh and without any major defects) were identified randomly 439 
across each plot, with each pair consisting of a larger (>12cm dbh) and smaller 440 
(<12cm dbh) diameter tree within 5 m of one another. Trees were flagged and 441 
numbered for repeated measurements across two years.  This design resulted in 442 
a total of 160 experimental trees across ~450 ha of KS study area within the EC 443 
flux tower operational footprint.  Mean age of small (85 +/- 17 years) and large 444 
(88 +/- 15 years) were similar.  The youngest tree sampled was 43 years of age 445 
and the oldest tree sampled was 127 years of age.  Therefore, no trees naturally 446 
regenerated following the MPB attack were sampled.  447 
 448 
Soil moisture measurement 449 
 450 
 Four soil moisture measurements were made at both 0-12 and 0-20 cm 451 
depths around each study tree using time domain reflectometry (TDR) instrument 452 
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(Field Scout 100, Spectrum Technologies Inc, Aurora, IL). TDR uses the return 453 
time of an electrical signal through metal rods to measure soil moisture 454 
(Czarnomski et al. 2005).  The high dielectric constant of water slows the 455 
propagation of the signal as soil moisture increases.  Soil moisture 456 
measurements were done at the base of each experimental tree to determine the 457 
available soil moisture of each tree throughout the growing season, monthly in 458 
2017 and every 3 weeks in 2018.  Soil moisture was variable around the base of 459 
each tree. Therefore, four measurements were made approximately 90° apart 460 
within ~50cm of the base of the tree.  The pattern and distance changed if soil 461 
characteristics (i.e. the high coarse fragment content) made it difficult to insert 462 
the probes.  In these cases measurements were made as close to the standard 463 
parameters as possible. The average of the four soil moisture measurements 464 
were used to determine the available soil moisture of the tree at each rod length.  465 
Soil moisture at 12-20cm was calculated by subtracting the water at 0-12cm from 466 
the water at 0-20cm depths.   467 
 468 
TDR instrument calibration  469 
 470 
 TDR allows for rapid field measurement of soil moisture, however, the 471 
instrument needs to be calibrated to actual soil type (Schwartz et al. 2009).  472 
Therefore, a plot-specific soil moisture calibration was completed in the lab to 473 
obtain a correction for TDR measurements made in the standard calibration 474 
setting in the field.  Two large 20L buckets of soil, including all rock and stone 475 
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fractions, where possible, were collected from each of the 8 plots across the 476 
study area and brought back to the lab.  Calibration was completed with 477 
techniques similar to Czarnomski et al. (2005) in conjunction with suggestions 478 
from TDR manufacturer Spectrum Technologies Inc (Personal communication). 479 
Specifically, PVC pipe (10 cm inside diameter, 2.9 mm wall thickness) was cut to 480 
16 and 24 cm lengths for the 12 and 20 cm long TDR rods, respectively. These 481 
lengths provided the desired 2.54 cm of soil on all sides of the TDR rods during 482 
measurement.  Once the pipe was cut to the desired lengths, one end was 483 
securely taped with duct tape and punctured with 5 small holes to allow for 484 
drainage of excess water.  Number 4 filter papers (Fast speed, Whatman) were 485 
cut to 10 cm diameter circles and inserted on top of the duct tape to minimize soil 486 
particle loss from the pipes.  Empty pipes were then labeled and weighed using 487 
an electronic balance to obtain a tare weight (Sartorius Entris6202-1s, +/-0.01g).  488 
Soil was then added with each bucket filling four samples; two for each rod 489 
length making a total of 32 pipes.  Water was then repeatedly added to each pipe 490 
over a period of three days until it freely drained out of the bottom to reduce the 491 
chances of the there being any dry pockets in the soil columns.  Once excess 492 
water had drained though, the field capacity of the soil was measured by weight 493 
using the same electronic balance as well as by TDR (n=2).  Soil columns were 494 
left in the lab at ~22 oC for the duration of subsequent measurements as the soil 495 
column dried down.  Soil moisture and weight were measured twice per week for 496 
10 weeks at which point the samples were experiencing no significant change in 497 
weight.  Soil columns were then placed in a drying oven for multiple periods of 498 
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100 h at 45 oC until there was <0.2% change in soil weight from the previous 499 
drying period.  Volumetric water content (VWC) was calculated using the weight 500 
of water and the volume of the cylinders.  The VWC from the mass of water was 501 
graphed against the VWC measured by the TDR at standard settings.  The 502 
second order polynomial regression equation was then used to correct all field 503 
VWC measurements using an instrument default (loamy soil) to Kennedy Siding 504 
substrate (high coarse fragment content) (Appendix 2).  505 
 506 
 507 
Radial growth 508 
 509 
 The diameter of experimental trees were monitored across the growing 510 
seasons using permanent plastic dendrometer bands (Model D1, UMS GmbH, 511 
München) installed on May 29th and 30th, 2017 at 1.3m from the ground level 512 
(DBH) on a smooth bark surface (Pélissier and Pascal 2000).  If the ground was 513 
sloped, the mid point was used.  Bands were installed perpendicular to the bole 514 
of the tree.  Once bands were wrapped around the tree, the tension spring was 515 
installed and any space between the band and the bole of the tree was forced 516 
out by pushing on the band.  Band integrity was checked at every sampling 517 
period and in the case of a band having been removed from the tree (by 518 
tampering, wildlife or falling trees) the band was re-installed at 1.3m and a reset 519 
of DBH recorded (1.25% of bands needed to be re-installed over the study 520 
period).  Growing season (May to November) readings of the dendrometer bands 521 
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were every 4 weeks through the 2017 growing season and every 3 weeks 522 
throughout the 2018-growing season.   523 
  524 
Diameter growth verification 525 
 Dendrometer bands can have slack at the time of instillation that may 526 
require some tree growth to fully tighten the bands (Keeland and Sharitz 1993).  527 
In 2017, the majority of dendrometer recorded no radial growth and only 94 of the 528 
experimental trees in 2018 provided valid estimates of radial growth.  As a result, 529 
a subsample of tree cores was taken in the spring of 2019 for 60 trees (5 large 530 
and 5 small in 6 plots) to validate the relative radial growth in 2017 vs 2018.  Tree 531 
cores were taken perpendicular to the tree ~2cm below the dendrometer band, 532 
thus allowing the 2017 and 2018 tree rings to be compared to the dendrometer 533 
measurements.  Cores were stored in straws and labeled until processing could 534 
occur.  Ring widths from 2017 and 2108 were measured using a Velmex system 535 
(Unislide, Velmex inc., Bloomfield, NY).   536 
 We first examined the 2018 dendrometer band measurements and further 537 
eliminated 6 dendrometers (1 large and 5 small trees) that may have not 538 
recorded a final diameter accurately.  We then matched up the 2018 annual 539 
increments from the tree cores with the same 54 tree dendrometer 540 
measurements at the end of 2018, and subtracted the annual increments from 541 
the tree cores from the final dendrometer measurement in 2018 to get the 542 
diameter in the 54 trees in 2017 and 2018.  Finally, we computed the mean 543 
diameter for large and small trees in 2017 and 2018 (Appendix 4).  !544 
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 546 
Height growth 547 
 Height measurements were taken at the same intervals as the diameters 548 
(every 4 weeks in 2017 and 3 weeks in 2018) using a laser hypsometer (Forestry 549 
Pro, Nikon, Tokyo) with an accuracy of +/- 20 cm.  To reduce the error in 550 
measurements, four measurements were taken for each tree at each sampling 551 
period.  The laser hypsometer uses a laser to determine the distance and angle 552 
to the base and tip of the tree, and trigonometry to compute the vertical distance 553 
(i.e. height) (Bragg 2014).  The base measurement was taken from the 554 
dendrometer band and 1.3m were added to the average height to obtain total 555 
height, as branches and other vegetation commonly obstructed the bases of the 556 
trees.  Where possible, tree-height measurements were made at ~1 tree length 557 
from the experimental tree base (Rodriguez et al. 2014).  558 
 559 
Stand level carbon storage  560 
 Annual tree stem carbon (C) storage (g C m-2 yr-1) for large and small trees 561 
were estimated using the mean diameters (n=54), mean heights (n=160) and 562 
mean stand densities (n=5/plot) of residual live stems across all 8 experimental 563 
plots in 2017 and 2018.  Smalian’s equation was used to estimate the volume 564 
(m3) of wood for the mean tree diameters and heights at the beginning and end 565 
of each year [1], with the difference in volumes indicating the change in tree-stem 566 
volume (Ministry of Forests Lands and Natural Resource Operations 2011).  567 
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Annual production of wood volume was converted to tree dry biomass by 568 
multiplying by the specific density (444 kg m3) of lodgepole pine wood (Singh 569 
1984) by the concentration of C in lodgepole pine wood (0.5032 kg C kg-1 wood) 570 
before converting to g C yr-1 tree-1 [2] (Lamlom and Savidge 2003).  Finally, we 571 
obtained area-based estimates of annual tree stem C production by multiplying 572 
mean tree-level C change by the stand density to obtain g C yr-1 ha-1, and 573 
dividing by 10000 to convert to a m-2 basis [3].   574 
 575 
[1] AV = ((!*r22 /2 * H2)  - (!*r12 /2 * H1))  576 
 AV = Mean Annual volume change (m3) 577 
H1, H2= Mean heights of experimental trees at the beginning (H1) and end 578 
(H2) of each growing season (cm)  579 
r1, r2 = Mean radii of experimental trees at the beginning (r1) and end (r2) of 580 
each growing season (cm) 581 
[2] ATSC = AV* M * D *1000 582 
ATSC = Annual tree stem carbon change (g C yr-1) 583 
M = specific weight of lodgepole pine, 444kg m-3 (Singh 1984) 584 
D = Carbon density of lodgepole pine, 0.5032 (Lamlom and Savidge 2003)  585 
 586 
[3] SLASC = ATSC*d/10000 587 
SLASC = Stand level annual stem carbon change (g C m-2 yr-1) 588 
d = stand density of both larger and smaller trees (stems ha-1) 589 
 590 
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 Stand densities for each of the 8 plots were determined for five circular 591 
10m radius density plots distributed at 50m intervals along a linear transect using 592 
a random compass bearing from a sample tree.  Both larger >12cm DBH and 593 
smaller mature trees <12cm and >6.5cm DBH were evaluated separately in each 594 
subplot.  Trees on the edge of the plots were counted if >50% of the stem was 595 
inside the plot. Average stand densities were calculated for all 40-tree density 596 
subplots and transformed to a per hectare basis for area-based C-storage 597 
calculations as above.  To reduce edge effects, plots were a minimum of two tree 598 
lengths from cut-blocks or roads (Hawkins et al. 2012).  599 
 600 
Timing of radial and height growth 601 
 In order to obtain accurate radial growth across the 2018 growing season 602 
a subsample of trees was selected that were identified as not having slack in the 603 
dendrometer bands in 2018.  Therefore, only trees that had more than 0.01cm of 604 
growth between the first two sampling dates and continued to have growth 605 
thereafter were selected.  This subset of trees was used to calculate the percent 606 
of annual height and radial growth across the 2018 growing season to determine 607 
when these two types of growth occur.  608 
 609 
Statistics 610 
 All data were tested for normality before parametric tests were performed.  611 
When data were not normal, non-parametric tests were used. Statistics were all 612 
conducted using SPSS (V.24 IBM Corporation, Armonk, New York).  613 
 30 
Seasonality of factors 614 
 A Kolmogorov–Smirnov (K-S) normality test determined that 12cm soil 615 
moisture, 20cm soil moisture and DBH measurements were non-normal. 616 
Therefore, a non-parametric Friedman test was chosen to test if there was a 617 
change in these variables between growing seasons.  Growing season height 618 
measurements had a normal distribution but failed the test for sphericity, an 619 
assumption required for ANOVA repeated measures.  Changes in height were 620 
determined using a Friedman test.  A Friedman test determines if the mean 621 
changes over time in chronological order.  A significant result would indicate that 622 
the mean of the repeated measurements changed over the chronology.  For all 623 
tests an alpha of 0.05 was used to determine significance.  624 
 625 
Correlations 626 
 Pearson’s correlations were conducted between both growth factors 627 
(height and diameter) and the two soil moisture variables (0-12 and 0-20cm).  628 
Pearson’s correlations compare two variables and determine how strongly they 629 
are related, with correlations (r) of 1 or -1 being perfectly correlated, and a test of 630 
significance being used to determine if correlations are significant.  631 
 632 
 31 
Results 633 
Effects of seasonality and canopy position on radial growth 634 
 Radial growth can vary between years due to seasonal factors such as 635 
precipitation (Campbell et al. 2007) as well as between canopy positions (e.g. 636 
larger versus smaller trees).  A Friedman test determined a significant (p<0.001) 637 
increase in the mean dendrometer band DBH of residual lodgepole pine trees 638 
between the 2017 and 2018 growing seasons at Kennedy Siding.  Trees 639 
exhibited substantially less growing season radial growth in the 2017 growing 640 
season than in 2018; 0.02mm versus 1.16mm (Fig. 2.2), respectively.  When the 641 
two size classes of residual trees are examined separately, there was a marked 642 
difference in the radial growth increases in both years.  In 2017, the larger trees 643 
had a marginal radial growth increase of 0.035mm and the smaller trees had a 644 
similar radial increase of 0.005mm.  In 2018, the annual diameter growth for 645 
larger trees (1.53 mm) increased more than in smaller trees (0.769mm) (Fig. 646 
2.3).  However, the mean tree core diameters for 2017 and 2018 were 2.65mm 647 
and 2.02mm for the subset of 60 trees, respectively.  These are both 648 
substantially larger than the 0.02mm and 1.15mm increments the dendrometer 649 
bands measured for all 160 trees in 2017 and 2018, respectively.   650 
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 651 
Figure 2.2. DBH of residual live lodgepole pine trees (n=160) across the growing 652 
season of 2018, 12 years after a severe mountain pine beetle attack.  Dashed 653 
lines are smoothed splines of the overall mean DBH for 2018. 654 
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 655 
Figure 2.3. DBH change of larger and smaller residual live lodgepole pine trees 656 
(n=80) across the 2018 growing season, 12 years after a severe mountain pine 657 
beetle attack.  Dashed lines are smoothed splines of the larger tree mean DBH 658 
for 2018. 659 
 660 
 Soil moisture varied considerably across 2017 and 2018.  In 2017 the 661 
VWC in the 0-12 cm and 12-20 cm depths were similar (~15%) for the majority of 662 
the growing season, with some increases into the fall at 0-12cm (Fig. 2.4).  By 663 
contrast, soil VWC in 2018 through the first half of the growing season was >20% 664 
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in the top 12cm and ~10% in the 12-20cm layer (Fig. 2.4), with both decreasing 665 
into the fall (Fig. 2.4).  VWC was more stochastic in the top 12cm, but almost 666 
always higher than the VWC from 12-20cm (Fig. 2.4).  This may be due to an 667 
increase in coarse fragments with depth decreasing the porosity and thus water 668 
storage in the 12-20cm layer.  Diameter growth from dendrometer bands was not 669 
significantly correlated with either 12cm or 20cm VWC measurements in 2018 670 
(Table 2.1).  671 
 672 
 673 
 674 
 675 
 676 
 677 
 678 
 679 
 680 
 681 
 682 
 683 
 684 
 35 
Table 2.1. Pearson’s correlations between height, dendrometer band diameter 685 
(2018 only), 12 and 20cm VWC measurements across the 2017 and 2018 686 
growing seasons at Kennedy Siding.  * Indicates a significant relationship  687 
 688 
 
Diameter 
2018 
Height 
2017 
Height 
2018 
12cm 
VWC 
2017 
12cm 
VWC 
2018 
20cm 
VWC 
2017 
20cm 
VWC 
2018 
Diameter 
2018 
1       
Height 2017  1      
Height 2018 -.439  1     
0-12cm VWC 
2017 
 .558  1    
0-12cm VWC 
2018 
-.360  0.698  1   
0-20cm VWC 
2017 
 .460  .992*  1  
0-20cm VWC 
2018 
-.392  .793*  .973*  1 
 689 
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 690 
Figure 2.4. Average volumetric water content by depth at the base of all 160 691 
experimental trees at Kennedy Siding from 0-12cm (upper panels) and from 12-692 
20cm (bottom panels) for the 2017 (left) and 2018 (right) growing seasons.   693 
 694 
 695 
Effects of seasonality and canopy position on vertical growth 696 
 Mean tree heights increased significantly (p<0.001) between the 2017 and 697 
2018 growing seasons (Fig. 2.5).  Total vertical growth of trees, defined as the 698 
difference between the first and last measurements of each growing season, 699 
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over the growing season was slightly higher (not significant) in 2017 (11.2cm 700 
SD=2.24) than in 2018 (9.5cm SD=2.22) in 2018 (Fig. 2.5).  Tree size affected 701 
relative vertical growth responses across the 2 years.  Height growth in smaller 702 
trees was lower in 2017 (8.1cm SD=1.40) than in 2018 (14.6cm SD=1.42), 703 
whereas, height growth in larger trees was higher in 2017 (14.4cm SD=1.62) 704 
than in 2018 (5.9cm SD=1.59) (Fig. 2.6 and 2.7).  In 2017 the overall height 705 
growth was not correlated with VWC measurements (Table 2.1).  However, in 706 
2018 there was a significant correlation between 0-20cm VWC and height (0-707 
20cm VWC r=0.793, p=0.019; Table 2.1).  708 
 709 
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  710 
Figure 2.5. Mean height of experimental trees (n=160) at Kennedy Siding across 711 
the growing seasons of 2017 and 2018, 11 and 12 years after a severe mountain 712 
pine beetle attack, respectively.  Dashed lines are smoothed splines of the 713 
overall mean Height for 2017 and 2018. 714 
 715 
 716 
 717 
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  718 
Figure 2.6. Mean change in height of small experimental trees (n=80) at Kennedy 719 
Siding across the growing seasons of 2017 and 2018, 11 and 12 years after a 720 
severe mountain pine beetle attack, respectively.  Dashed lines are smoothed 721 
splines of the small tree mean height for 2017 and 2018. 722 
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 723 
Figure 2.7. Mean change in height of large experimental trees (n=80) at Kennedy 724 
Siding across the growing seasons of 2017 and 2018, 11 and 12 years after a 725 
severe mountain pine beetle attack, respectively.  Dashed lines are smoothed 726 
splines of the large tree mean height for 2017 and 2018. 727 
 728 
 729 
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Annual C storage of residual live lodgepole pine stems 730 
 Mean annual C-storage of residual lodgepole pine stems was greater in 731 
2017 (36.33 g m-2 yr-1) than in 2018 (26.99 g m-2 yr-1).  Across all 8 plots, there 732 
was a lower areal density of larger trees (162 stems ha-1) than small trees (443 733 
stems ha-1), but the contribution of large and small trees to C-storage varied 734 
between years.  In 2017, larger trees contributed more (19.08 g m-2 yr-1) than 735 
smaller trees (17.24 g m-2 yr-1) to the total C-storage.  The opposite was 736 
observed in 2018, where smaller trees contributed more (15.97 g m-2 yr-1) than 737 
large trees (11.02 g m-2 yr-1).   738 
   739 
Timing of radial and height growth 740 
  In 2018, the majority of radial and height growth occurred in the first half 741 
of the growing season (Fig. 2.8).  By late July height growth had peaked and 742 
>80% of radial growth had occurred (Fig 2.8).  Radial growth nearly completed , 743 
most of its radial growth (97%)  by early September, 2018.   744 
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 745 
  Figure 2.8. Mean (+/- SD) Radial and height growth of experimental trees 746 
(n=94) 12 years after severe mountain pine beetle attack at Kennedy Siding 747 
during 2018 growing season. Data is presented as a percent of mean annual 748 
height or diameter growth.  Dashed lines are smoothed splines of the percent of 749 
annual growth in 2018.  750 
Discussion 751 
Growth of residual live lodgepole pine 752 
 Mean radial growth rate determined from the dendrometer bands was 753 
negligible in 2017 versus 2018. We were skeptical of the dendrometer readings 754 
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in 2017 given that height growth was relatively comparable between the two 755 
years.  Furthermore, dendrometer bands can have significant slack in the bands 756 
when they are installed, which is typically taken up in the first year of growth, thus 757 
making the first year measurements unreliable (Auchmoody 1976; Keeland and 758 
Sharitz 1993).  As a result, we took tree cores in the spring of 2019 to 759 
independently verify radial growth rates for 2017 and 2018.  Mean radial growth 760 
in 2017 was substantial as determined from tree cores, ruling out the negligible 761 
radial growth indicated by the dendrometer band method for that year.  762 
Therefore, we used tree core measurements for determining radial growth, which 763 
was indeed higher for 2017 than 2018. However, due to the very slow growth 764 
rates of pine on this site, we suspect that some trees (particularly slow-growing 765 
trees) had low radial growth in 2018 because of residual dendrometer band slack 766 
into spring of 2018.  This seems likely since tree core radial growth estimates 767 
exceeded dendrometer radial growth in both 2017 and 2018.   768 
 Soil moisture levels and seasonal trends between the two growing 769 
seasons may explain some of the difference in radial growth.  The 2017 growing 770 
season snowpack melted ~1 month earlier than in 2018 (FLNRORD, unpublished 771 
data), and had a much lower spring soil moisture content than 2018.  However, 772 
2017 soil moisture was higher in the fall as well as consistently higher in the 12-773 
20cm layer of the soil profile, which combined with the potentially longer growing 774 
season due to the early snow melt, could have contributed to greater growth in 775 
2017.  Since the mean growth release period observed for pine after MPB attack 776 
is 13.8 years (Alfaro et al. 2003), Kennedy Siding has been in a growth release 777 
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for 12 years and therefore may be beginning to decline if it were to follow the 778 
same trend as the stands measured by Alfaro et al. (2003).  Though, more years 779 
of data would be required to confirm if the release is subsiding.  780 
 781 
 The size classes appeared to have a very similar response to the variation 782 
in the two growing seasons but the larger trees had more radial growth than the 783 
smaller trees.  This could relate to the microsites that the larger trees held, it is 784 
possible that the larger trees were in a position to receive more moisture, light or 785 
nutrients than the smaller trees (Nigh et al. 2008).  There was no relationship 786 
between size and age, as seen from dendrochronology tree cores (see Chapter 787 
3), therefore it could be inferred that the larger trees have better microsites; 788 
greater access to light, moisture, and/or nutrients than smaller trees (Nigh et al. 789 
2008; Hawkins et al. 2013).  790 
 Height growth in pine trees in 2017 and 2018 were similar (averaging 791 
~10cm yr-1) suggesting that vertical growth is less influenced by differences in 792 
soil moisture as observed with radial growth.  This priority of vertical over radial 793 
growth in trees is consistent with the hierarchy for carbon allocation as observed 794 
by Waring and Schlesinger (1985).  The difference between size classes was 795 
marginal, with larger trees having greater height growth in 2017 and smaller trees 796 
having greater height growth in 2018.  797 
   798 
 799 
 45 
Timing of radial and height growth 800 
 The timing of growth in 2018 was determined using a subsample of 2018 801 
dendrometer band measurements that showed growth immediately in 2018, 802 
therefore, indicating that the slack had been taken up.  Percent of annual radial 803 
and height growth was calculated for all 94 trees in the subsample of 2018 804 
dendrometer measurements.  Height and radial percent annual growth follows a 805 
very similar pattern with the majority of growth happening in the first half of the 806 
growing season.  More than 80% of radial growth happened between May 3rd 807 
and July 24th in 2018.   808 
 Height growth of trees peaked in July but then declined.  We suspect that 809 
elevated wind might provide an explanation for the decline as trees leaning away 810 
when measured would have underestimated heights (Bragg 2014).  However, 811 
upon an examination of wind data for the KS EC tower, we did not see any 812 
correlation between average or maximum wind speed and the trend in tree 813 
heights (appendix 1).  If wind had caused the decline, the decline would have 814 
been expected to be irregular and not a smooth curve.  The smooth decline in 815 
height (especially in 2018) suggests that trees decline in average tree height may 816 
have occurred because of leader damage (Nigh 2017).  Leader damage would 817 
also lead to a decline in height growth increment for the two years following the 818 
damage (Nigh 2017).  However, the decline was more pronounced in 2018 than 819 
2017 and was only observed in the large trees in 2018 and not the small trees 820 
suggesting that leader damage is not responsible for the decline in tree heights.   821 
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 The majority if not all the height growth occurred in the first half of the 822 
growing season, this trend was more pronounced in 2018 than in 2017.  Early 823 
season height growth might occur if resource availability (light, nutrients, water) 824 
in the spring and early summer was higher.  It may also occur if the trees shift 825 
their allocation of energy to roots, reproduction or other portions of the tree.  826 
However, more research is needed to identify why height growth happens early 827 
in the growing season.  In 2018 the soil moisture was higher in the early portion 828 
of the growing season whereas, in 2017 soil moisture levels remained low until 829 
the fall.  This trend in soil moisture may be responsible for slower height growth 830 
in 2017 and for height growth to occur into mid summer.  831 
 832 
Carbon storage of residual lodgepole pine 833 
 Growth of residual live lodgepole pine trees should be expected to be the 834 
primary component of forest-level C storage (>50%) at the Kennedy Siding site 835 
based on bottom-up component C flux results for Kennedy Siding study site 836 
(Bowler et al. 2012).  Annual net ecosystem productivity (NEP) varied 837 
considerably in recent years (2014-2016) at the site, ranging from 3 (in 2014) to 838 
132 g C m-2 yr-1 (2016) based on eddy covariance measurements and from 10 839 
(2014) to 88 g C m-2 yr-1 (2016) based on a process model (Meyer et al. 2018). 840 
NEP contributions from residual stems, based on the aboveground C measured 841 
in residual live lodgepole pine trees in 2017 (36.33 g C m-2 yr-1) and 2018 (26.99 842 
g C m-2 yr-1), fell in between the low measured and modeled NEP of 2014 and 843 
much higher NEP values for 2015 and 2016 reported in Meyer et al. (2018) for 844 
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Kennedy Siding.  Carbon storage in residual lodgepole pine stems using tree 845 
core data at Kennedy Siding was low when compared to the 2016 EC NEP 846 
measurements but substantial when compared to the 2014 and 2015 847 
measurements.  The EC NEP measurements although trending up have seen 848 
some years of low NEP likely due to environmental conditions.  When compared 849 
to the average NEP since attack (2007-2016; 22 g C m-2 yr-1) the stem C-storage 850 
is greater in both 2017 and 2018.  851 
 In other areas of North America forests have shown similar resiliency to 852 
MPB-outbreaks.  For instance, in Colorado stands had recovered 91% of pre-853 
outbreak basal area and 93% of overstory stems 30 years following attack (Pelz 854 
and Smith 2012).  In Wyoming, Reed et al. (2014) found that CO2 flux was 855 
largely unchanged in a MPB-attacked stand as is transitioned from 30-78% 856 
mortality. These studies would suggest that residual trees and vegetation are 857 
critical to recovery and have the ability to recover within ~3 decades.  858 
 At Kennedy Siding the carbon being stored in the stems of residual 859 
lodgepole pine trees is evidence these trees are important for the recovery of C-860 
storage following the MPB-attack.  In 2017 and 2018, these stems have stored 861 
more than the average NEP of the stand in the decade following MPB-outbreak.  862 
It appears that there is another component of the forest stand contributing to 863 
long-term C-storage but residual tree stems appear to be a major sink of post 864 
MPB annual C-storage.  865 
  866 
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Conclusion 867 
 Overall, both larger and smaller size classes are important for C-storage 868 
at Kennedy Siding.  Larger trees contribute more to carbon storage individually, 869 
but higher densities of smaller trees can elevate their importance to stand level 870 
C-storage.  The relationships between growth and soil moisture appear to be 871 
complex with radial growth showing a positive correlation in 2018, while height 872 
growth had a negative correlation with 2017 soil moisture.   873 
 Residual stem C-storage appears to be the major contributor to stand 874 
level NEP as was expected by EC studies and bottom-up component C-flux 875 
measurements (Bowler et al. 2012; Brown et al. 2012).  Mean stem C-storage in 876 
2017 and 2018 is approximately 1.4x the average NEP in the decade of EC 877 
measurements at Kennedy Siding, and as much as ~27% of the highest EC NEP 878 
measurements in 2016, thus confirming my hypothesis that residual stems would 879 
be a major contributor to NEP post-MPB attack.  880 
 881 
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Chapter 3: Dendrochronological analysis of residual 893 
lodgepole pine 11 years after mountain pine beetle 894 
attack in northern BC 895 
 896 
Introduction 897 
Mountain pine beetle in British Columbia  898 
 Mountain pine beetle (MPB) (Dendroctonus ponderosae Hopkins) is a 899 
native bark beetle to British Columbia (BC) whose primary host is lodgepole pine 900 
(Pinus contorta var. latifolia Douglas) (Safranyik et al. 2006).  Historically, beetle 901 
populations go through a cyclical cycle between endemic low populations and 902 
epidemic outbreaks every 12-53 year (Alfaro et al. 2003; Axelson et al. 2009, 903 
2010).  Mountain pine beetles primarily target large mature pine trees commonly 904 
leaving sub-canopy trees alive (Safranyik et al. 2006).  Although, MPB outbreaks 905 
are part of the natural disturbance regimes in BC, climate change (e.g. warmer 906 
winters) and some forest management practices may have increased the severity 907 
of outbreaks across the province (Raffa et al. 2008).  Forest management 908 
through clear-cutting and replanting pure lodgepole pine as well as fires 909 
suppression has created more continuous mature pine stands that allow for the 910 
rapid spread of MPB (Campbell et al. 2007).   911 
 The recent MPB-outbreak in BC was the largest ever recorded (Kurz et al. 912 
2008) with ~731 million m3 (54%) of mature pine trees in BC killed (Ministry of 913 
FLNRORD 2016).  In an attempt to recover as much economic value from the 914 
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dead pine trees, the chief forester raised the allowable annual cut (AAC) (Forest 915 
Practices Board 2007).  However, the increase in AAC lead to an uplift of both 916 
live and dead tree harvesting, decreasing the available wood for the future years 917 
and contributing to a worsening of the pre-existing mid-term timber supply crisis 918 
in the province (Forest Practices Board 2007; Burton 2010).  The AAC is 919 
expected to decline to ~20% under historical average in the near future and 920 
remain there until 2080, leading to decline in the forest industry in BC (Chartered 921 
Professional Accountants 2015).  922 
 923 
Carbon Storage following the recent MPB-outbreak 924 
 Eddy-Covariance (EC) research suggests that the stand-level carbon 925 
balance (i.e. net ecosystem productivity, NEP) of MPB-attacked stands in BC 926 
recover their C sink status within 3-5 years after attack (Brown et al. 2012).  The 927 
rapid recovery of C sink status after attack has been attributed to accelerated 928 
growth of residual trees and vegetation (Bowler et al. 2012; Brown et al. 2012).  929 
Natural thinning events such as MPB-outbreaks can lead to reduced competition 930 
for resources allowing residual trees to increase their radial and vertical growth 931 
rates ( Veblen et al. 1991; Dhar and Hawkins 2011; Coyle et al. 2016).  Hawkins 932 
et al. (2012) and Amoroso et al. (2013) found that post MPB-outbreaks stands 933 
were able to recover volume rapidly due to the ability of the residual trees to 934 
undergo a significant growth release.  Component-level gas-exchange 935 
measurements of photosynthesis in surviving plants scaled up to the stand-level 936 
aligned with the EC results of Brown et al. (2012a) and indicated that sub-canopy 937 
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surviving trees and broadleaved species made the most significant contributions 938 
to gross primary productivity (GPP) (Bowler et al. 2012).  This finding strongly 939 
supported the premise that compensatory residual live trees were responsible for 940 
the rapid recovery of stand-level NEP after attack (Brown et al. 2012).  It is now 941 
understood that residual live trees following an MPB outbreak can undergo a 942 
growth release which can provide substantial stand recovery of tree volume 943 
(Alfaro et al. 2003; Hawkins et al. 2012; Pelz and Smith 2012; Amoroso et al. 944 
2013), in turn mitigating some of the mid-term timber supply problems in the BC 945 
central interior.  946 
 947 
Dendrochronology of Mountain Pine Beetle  948 
  Dendrochronological analyses can aid in the understanding of past stand 949 
growth and the response of radial growth to stand events.  Dendrochronology 950 
has been used to determine the spatial extent of historic MPB outbreaks to better 951 
understand the unprecedented nature of the recent outbreak (Jarvis and 952 
Kulakowski 2015).  Through tree core analysis, radial growth of years before and 953 
after large disturbances such as MPB-outbreaks can be compared to determine 954 
how trees respond (Amoroso et al. 2013).  Dendrochronological analysis can 955 
determine if a disturbance happened, if that triggered a growth release or 956 
suppression, how long or delayed a growth release event was (Alfaro et al. 957 
2003).  Growth release following MPB outbreaks has been observed, with ranges 958 
of release ranging from 15-75% in residual overstory trees and up to 90% for 959 
understory trees (Axelson et al. 2009, 2010; Amoroso et al. 2013).  Trees that 960 
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release can increase their growth up to ~750% of the pre-outbreak radial growth 961 
rate (Amoroso et al. 2013).  This growth release can aid in the rapid recovery of 962 
C-storage, volume and ecological function of a stand (Hawkins et al. 2012; Alfaro 963 
et al. 2015).   964 
Limits of Current Research 965 
 It is well understood that a portion of residual trees will release following a 966 
MPB outbreak (Alfaro et al. 2003; Axelson et al. 2009, 2010; Amoroso et al. 967 
2013).  Short-term research suggests that residual trees are increasing their C-968 
storage allowing the stand to recover to a C-sink (Bowler et al. 2012; Brown et al. 969 
2012).  However, dendrochronology data is needed to confirm this and determine 970 
how long and by how much residual trees are increasing their radial growth, and 971 
thus C-storage.  Furthermore, dendrochronology allows us to estimate annual C-972 
storage in residual trees; helping to determine how much C is being stored in 973 
lodgepole pine stems, as well as determining how environmental factors 974 
influence C-storage.  I hypothesize that smaller diameter trees will have a greater 975 
growth response then larger trees, assuming they are younger and have similar 976 
quality microsites, due to the higher increases of light, as sub-canopy trees would 977 
have been shaded prior to fall-down of canopy trees.  I also hypothesize there 978 
will be an increasing trend of C-storage following MPB-outbreak and for it to 979 
contribute significantly to the NEP of recovering stands.  980 
 981 
   982 
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Methods and Materials 983 
Site Description and Experimental Design 984 
  985 
The study area was east of Highway 97 on the Kennedy Siding Road, ~30km 986 
southeast of Mackenzie, BC, Canada (55°06’42.6’’N, 122°50’28.5”W) (Fig.3.1).  987 
This site has an Eddy Covariance (EC) flux tower measuring CO2 and H2O 988 
vapour fluxes since the summer of 2006. Furthermore, in 2008 plots were 989 
established to measure fall-down rates of MPB-attacked lodgepole pine within 990 
the EC tower footprint.  My experiments aimed to leverage these on-going 991 
datasets with my own research on residual live trees mostly within the perimeters 992 
of the fall-down plots.   993 
 994 
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 995 
Figure 3.1. Map showing the location of Kennedy Siding, Crooked River, and 996 
Summit Lake, the three EC sites located in the Omineca Natural Resource 997 
Region.  998 
 999 
The Kennedy Siding site (KS) has been characterized previously in a 1000 
number of publications, e.g. see Brown et al. (2010) and Bowler et al. (2012).  In 1001 
brief, the study site occurs within the sub-boreal forests south of the Pine Pass in 1002 
northern BC.  Site ecosystems are largely in the SBS wk2 biogeoclimatic zone in 1003 
the 02 series based on a majority cover of lodgepole pine and presence of 1004 
Cladonia spp. ground lichens (Meidinger and Pojar 1991).  The 02 series is the 1005 
driest in the SBS wk2 and characterized by coarse textured soils with the 1006 
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inclusion of 34% coarse fragments by volume (Brown et al. 2012), 53% rock and 1007 
small stone by weight, allowing moisture to drain quickly.  The site was and 1008 
remains dominated by lodgepole pine.  At the time of attack, the stand was ~80 1009 
year-old stand, with a very sparse inclusion of subalpine fir (Abies lasiocarpa 1010 
(Hooker) Nuttall) and white spruce (Picea glauca (Moench) Voss); Vaccinium 1011 
spp., mosses and Cladonia spp. dominate the understory (Brown et al. 2010).   1012 
 1013 
Tree selection and coring procedures  1014 
 Eight research plots were installed across the KS study area, with 7 1015 
overlapping the ‘fall-down rate’ plots of Seip and Jones (2007), and an eighth plot 1016 
in a nearby forest stand with a higher number of surviving trees to increase the 1017 
range of surviving residual pine densities.  The “fall-down rate’ plots of Seip and 1018 
Jones (2007) included a marked tree every 20m along a 100m transect.  Tree 1019 
status was recorded to determine the fall-down rate annually. Ten pairs of 1020 
residual live trees (>6.5 cm in dbh and without any major defects) were identified 1021 
randomly across each plot, with each pair consisting of a larger (>12cm dbh) and 1022 
smaller (<12cm dbh) diameter tree within 5 m of one another. Trees were flagged 1023 
and numbered for repeated measurements across two years.  This design 1024 
resulted in a total of 160 experimental trees across ~450 ha of KS study area 1025 
within the EC flux tower operational footprint. 1026 
   1027 
 1028 
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 Trees were cored with 40cm x 4.3mm diameter 3-threaded increment 1029 
borers (Haglöf, Sweden) perpendicular to the vertical axis of the tree to obtain 1030 
representative ring widths spanning the MPB attack year (Alfaro et al. 2003).  To 1031 
maximize the number of tree rings, tree cores were taken as close to the ground 1032 
as possible (~30 cm) and were cored through or as close to the pith as possible.  1033 
To account for uneven radial growth on all sides of the tree, two cores from each 1034 
sample tree were taken at ~ 90° from one another on the widest and narrowest 1035 
diameter axes.   Immediately following extraction, the cores were placed in 1036 
plastic straws; both ends of the straw were taped shut, labeled, and then stored 1037 
in large Ziploc bags.  All cores were placed in a freezer (-18oC) until they were 1038 
processed. 1039 
 1040 
Dendrochronology 1041 
 1042 
 Tree cores were processed following techniques of Stokes and Smiley 1043 
(1968).  In summary, tree cores were mounted onto blocks of wood using wood 1044 
glue with the tracheid openings facing upwards.  The cores were sanded 1045 
gradually beginning with 120 grit sand paper followed by finer grits until all cores 1046 
had been sanded with 600 grit paper to ensure a smooth flat surface that would 1047 
allow all rings to be identified clearly.  Each decadal ring was dotted to assist with 1048 
the analysis. Once all cores were dotted they were scanned into WinDENDRO 1049 
(Density 2012, Regent Instruments Inc, Saint-Foy).  All cores from a plot were 1050 
correlated to determine missing rings using the program COFECHA (Tree-Ring 1051 
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Lab, Lamont-Doherty Earth Observatory, Columbia University, Palisades, New 1052 
York).  COFECHA identified the best cores for accurately cross dating to the 1053 
remaining cores.  If the signal was offset, the cores were re-examined and all 1054 
missed rings or double rings were manually added or removed.  In all cases, 1055 
average ring widths of the two sample cores were used for further analysis.   1056 
Growth release was determined by comparing the 10 years before and 1057 
after MPB attack in 2006.  Growth release was calculated using Smalian’s 1058 
formula (Ozçelik et al. 2006) to correct for annual wood volume changing as 1059 
diameter increases. Smalian’s equation [1] also accounts for measured height 1060 
growth (e.g. Ch. 2).  Growth release was compared using an average increase in 1061 
volume from the decade pre-attack compared with the average volume increase 1062 
in the decade post-attack.  Annual C-storage [2] was calculated using the specific 1063 
weight of lodgepole pine (444kg m-3; Singh 1984) and the density of C in 1064 
lodgepole pine wood (0.5032; Lamlom and Savidge 2003).  Finally, in order to 1065 
compare stem C-storage to NEP an area-based storage was calculated [3] by 1066 
using mean C-storage per tree and the density of trees on the site.  1067 
 1068 
[1] AV = ((!*r22 /2 * H2)  - (!*r12 /2 * H1))  1069 
 AV = Annual volume change (m3) 1070 
H1, H2= Average height of experimental trees by size class in the initial 1071 
(H1) and subsequent (H2) year of sampling (cm)  1072 
r1, r2 = Average radii of experimental trees by size class in the initial year 1073 
(r1) and subsequent year of sampling (r2) (cm) 1074 
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[2] ATSC = AV* M * D *1000 1075 
ATSC = Annual tree stem carbon change (g C yr-1) 1076 
M = specific weight of lodgepole pine, 444kg m-3 (Singh 1984) 1077 
D = Carbon density of lodgepole pine, 0.5032 (Lamlom and Savidge 2003)  1078 
[3] SLASC = ATSC*d/10000 1079 
SLASC = Stand level annual stem carbon change (g C m-2 yr-1) 1080 
d = stand density of both larger and smaller trees (stems ha-1) 1081 
 1082 
 1083 
 1084 
Statistical analyses  1085 
 All data were tested for normality before parametric tests were performed.  1086 
When data were not normal, non-parametric tests were used. Statistics were all 1087 
conducted using SPSS (V.24 IBM Corporation, Armonk, New York).  An alpha of 1088 
0.05 was used in all statistical tests to determine significance.  1089 
Growth release  1090 
 Growth release can be affected by multiple variables. Therefore, an 1091 
ANOVA was used to determine if factors such as tree age, size class, or plot 1092 
location affected radial growth.  Residual live trees were assigned to one of 4 age 1093 
classes based on the dating of all trees; young (>60yrs, n=14), mature (60-79yrs, 1094 
n=21), old (80-99yrs, n=104), and very old (>100yrs, n=21), the rage of ages was 1095 
43-127 years old.  Size classes were divided into small (<12cm DBH) and large 1096 
(>12cm DBH) based on our original size-class surveys done at the beginning of 1097 
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the project.  Our 8 research plots were previously defined.  Percent C-storage 1098 
release data were not normally distributed (Komogorov-Smirnov test for 1099 
normality).  Therefore, the data were cube root transformed and 2 outliers (547b 1100 
and 521b) were discovered using SPSS and were removed.  These 2 outliers 1101 
also stood out among the 5 suppressed trees in that most other residual trees 1102 
around them were experiencing significant growth release.  After the two points 1103 
were removed, the data were normally distributed (p=0.2). 1104 
 1105 
A one-way ANOVA was used for each individual factor, as understanding how 1106 
each one affects growth release was important.  Tukey HSD post-hoc test was 1107 
used to infer which locations were statistically different then the others if the 1108 
groups had approximately equal-variances.  If equal variances were not found, a 1109 
Welch ANOVA was use in tandem with a Games-Howell post-hoc test.  1110 
 1111 
Stem C-storage  1112 
  Stem C-storage based on dendrochronology data was calculated to 1113 
determine if there was a relationship with EC NEP measurements and percent of 1114 
downed trees at Kennedy Siding as well as to determine the % release of annual 1115 
C-storage.  Smalian’s equation calculated tree volume and was used in 1116 
conjunction with the specific density (444 kg m3) of lodgepole pine wood (Singh 1117 
1984) and the concentration of C in lodgepole pine wood (0.5032 kg C kg-1 1118 
wood) to determine the stem C-storage (Lamlom and Savidge 2003).  Stem C-1119 
storage used diameters calculated using tree ring widths subtracted from 1120 
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measured diameters and heights were calculated using a diameter to height 1121 
relationship.  To calculate this ratio all height measurements were graphed 1122 
versus the diameter measurements during the 2017 and 2018 growing seasons 1123 
to determine the site-specific relationship.  This technique was similar to Wonn et 1124 
al. (2001) who used the height to diameter comparisons to get an average ratio 1125 
for multiple species, their average ratio of height to diameter for lodgepole pine 1126 
trees was ~85:1 whereas at Kennedy Siding I found the relationship to be ~77:1.  1127 
Using the linear equation from all graphed data points I calculated heights for all 1128 
known diameters for the past 20 years (appendix 5).  Pearson’s correlations were 1129 
used to determine any potential relationships between the stem C-storage over 1130 
the past decade calculated from dendrochronology data and both EC NEP and 1131 
the percentage of MPB-attacked canopy trees that had fallen in each year.  If 1132 
there was a significant correlation, a linear regression was run to determine the 1133 
predictive power of each variable on the other.  1134 
 1135 
 1136 
Results 1137 
Growth release of residual trees post-MPB 1138 
Annual C-storage 1139 
 The mean annual C-storage of residual live trees has increased in the 1140 
years since MPB-outbreak at Kennedy Siding in 2007 (Fig. 3.2).  The mean 1141 
annual C-storage in the decade prior to MPB-outbreak was 0.186 kg C yr-1 tree-1 1142 
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and following MPB-outbreak the mean annual C-storage has climbed to 1.21 kg 1143 
C yr-1 in 2016 before declining slightly in 2017 to 1.13 kg C yr-1 tree-1 (Fig. 3.2).  1144 
The increase in average C-storage in the 10-year prior to attack versus the 10-1145 
year post-attack were highly significant for small (0.071+/- 0.043 vs. 0.240+/- 1146 
0.112, respectively), large (0.296+/- 0.174 vs. 0.824+/- 0.313, respectively) and 1147 
combined tree size classes (0.183+/- 0.169 vs. 0.532 +/- 0.375, respectively) 1148 
(p<0.001), indicating a growth release in both residual live pine size classes (Fig. 1149 
3.3).  1150 
 1151 
Figure 3.2. Mean annual C-storage (kg C yr-1 tree-1) of residual live lodgepole 1152 
pine trees at Kennedy Siding 10 years before and after MPB attack based on 1153 
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dendrochronology of the residual live lodgepole pine trees. The horizontal 1154 
dashed line indicates the mean annual C-storage for the 10 years prior to the 1155 
MPB-outbreak (1997-2006). Vertical dashed line indicates year of attack (2006). 1156 
 1157 
 Growth release responses of pine trees were organized into 4 categories: 1158 
low (0-50%), moderate (50-100%), high (100-400%), and very high (>400%; Fig. 1159 
3.3).  In addition, a few trees did not release and were termed suppressed.  1160 
Smaller trees were more common in the very high range of growth release than 1161 
larger trees (Fig. 3.3).  The average change in C-storage for all trees was +392% 1162 
with a range of -53% to +2326%.  Most experimental trees (155 out of 160) 1163 
experienced released, with 62 having very high release, 75 high release, 8 1164 
moderate release and 10 with low release (Fig. 3.3).  Four of the five trees that 1165 
were suppressed had low suppression and the final tree was moderately 1166 
suppressed (Fig. 3.3). 1167 
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   1168 
Figure 3.3. The number of residual lodgepole pine trees by category of wood 1169 
volume release; Low (0-50%), Moderate (50-100%), High (100-400%) and very 1170 
high (>400%), or suppression by tree size class; large (>12cm DBH: grey) versus 1171 
small (<12cm DBH: black). 1172 
 1173 
 1174 
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Stand Characteristics and radial growth release 1175 
Age effects on radial growth  1176 
 Age class C-storage release of the cube root transformed data had equal 1177 
variances as determined by Levene’s test (p=0.336).  Cube root C-storage 1178 
release was normally distributed when grouped by age class using a K-S test 1179 
(p=0.056-0.2).  There was no significant effect of age-class (young <60, mature 1180 
60-79, old 80-99 and very old>99) on the C-storage growth release of residual 1181 
live lodgepole pine (One-way ANOVA; p=0.239).  However, the young trees had 1182 
the smallest growth release (236.8%) and the very old trees had the largest 1183 
growth release (496.22%; Table 3.1).  1184 
 1185 
 1186 
 1187 
 1188 
 1189 
 1190 
 1191 
 1192 
 1193 
 1194 
 1195 
 1196 
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Table 3.1. Percent growth release of mean annual wood volume of all plots, age 1197 
classes and size classes in the 10 years prior to MPB-outbreak versus the 10 1198 
years following MPB-outbreak. Blank cells had no trees present in that plot and 1199 
age class.  1200 
 Mean annual wood volume growth release (%)  
 Age Class Size Class Overall 
Stand 
Density 
(stems 
ha-1) 
Plot 
Young 
<60 
Mature 
60-79 
Old 
80-99 
Very-
Old 
>99 
Large 
>12cm 
Small 
<12cm 
 
Large 
Small 
1 462.21 322.15 705.69 - 433.35 838.62 635.98 
127 
485 
2 - 190.17 150.00 117.56 148.84 149.46 149.15 
70 
1019 
3 - - 540.70 567.17 461.68 659.42 560.55 
191 
280 
4 170.06 157.54 454.58 - 291.10 415.14 353.12 
242 
197 
5 160.52 - 274.25 362.52 234.21 300.38 267.29 
261 
426 
6 213.62 544.43 366.59 - 243.55 433.42 338.48 
248 
414 
7 569.74 402.80 399.45 598.92 337.77 519.73 428.75 
88 
350 
8 - 229.15 478.99 - 317.19 490.89 404.04 
70 
369 
Overall 236.78 299.87 410.72 496.22 308.46 475.88 392.17 
162 
443 
 1201 
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Size class and radial growth 1202 
 Cube root C-storage release was normally distributed when divided by 1203 
age class (K-S p=0.2).  Size classes did not have equal variances as determined 1204 
by Levene’s test (p=0.001).  Size class of the residual live lodgepole pine trees 1205 
(small <12cm DBH versus large >12cm DBH) did significantly affect growth 1206 
release (Welch’s ANOVA; p=0.043).  The smaller trees had a significantly greater 1207 
release of annual C-storage then the larger trees.  Indeed, smaller trees 1208 
underwent a larger proportional release (476%) than larger trees (308%) when 1209 
compared to the overall average of 392% growth release across all trees (Table 1210 
3.1).  1211 
Stand location and radial growth 1212 
 Cube root C-storage release was normally distributed when separated by 1213 
plot location (Shapiro-Wilk test of normality p=0.051-0.938).  The Shapiro-Wilk 1214 
test was used as all plots had small sample sizes (n<=20).  However, two more 1215 
outliers were removed (530b and 514b) to achieve normal distributions in all 1216 
plots.  Both of these suppressed trees were opposite to the trend of a substantial 1217 
growth release and therefore, likely to have a growth-limiting defect(s). Plots 1218 
have equal variances as determined by the Levene’s test (p=0.27); therefore a 1219 
one-way ANOVA is valid.  Plot location had a significant (p<0.001) effect on 1220 
growth release of residual lodgepole pine trees (One-way ANOVA).  Post hoc 1221 
Tukey HSD tests revealed that several significant differences occurred between 1222 
plots, i.e. plot 2 was significantly different from plots 1, 3, 7, and 8, plot 5 was 1223 
also statistically different than plots 1 and 3.  Plot two experienced the smallest 1224 
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growth release (149%) whereas plot one experienced the greatest growth 1225 
release (636%; Table 3.1).   1226 
 1227 
Interactions between age, size and stand location on radial growth 1228 
 There was no significant interaction between all factors (age class, size 1229 
class and stand location) on growth release at Kennedy Siding (p=0.479).  1230 
However, the interaction between size and age class was significant (p=0.007).  1231 
This interaction could be due to very old trees being in the small size class and 1232 
undergoing a greater proportional release than the younger but larger trees.  The 1233 
interactions between site and size class as well as site and age class were not 1234 
significant (p=0.639, p=0.765).  1235 
Relationship of ring width and annual weather  1236 
 A Pearson correlation analysis was used to determine if mean annual C 1237 
storage (kg C yr-1 tree-1) in residual live lodgepole pine trees was related to 1238 
climate variables in the 10 years before and after attack (1997-2017), with the 1239 
attack period ranging from summer 2006 to 2007.  Strong positive correlation 1240 
coefficients were found between annual ring width and growing season 1241 
precipitation (mm) (r = 0.639), mean annual monthly maximum temperature (°C) 1242 
(r = 0.578) and annual precipitation (mm) (r = 0.601), respectively.  Annual radial 1243 
growth was moderately and positively correlated with mean growing season 1244 
(May-October) monthly maximum temperature (r = 0.492).  Strong negative 1245 
correlations were found between annual radial growth and mean growing season 1246 
(May-October) monthly minimum temperature (r = -0.734) and mean annual 1247 
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monthly minimum temperature (r = -0.645), respectively.  MPB-attack, especially 1248 
during the main attack years (2006-2007), may have confounding effects on 1249 
these correlations as trees may have been under stress such as partial attack 1250 
that would have affected tree growth.  1251 
 1252 
Net Ecosystem Productivity  1253 
 A strong and significant (p=0.001) positive Pearson correlation coefficient 1254 
(r = 0.877) was observed between lodgepole pine annual stem C-storage and 1255 
independent EC flux tower measurements of NEP from Meyer et al. (2018).  A 1256 
linear regression analysis of the same variables also resulted in a strong 1257 
correlation coefficient (R2 = 0.770, p=001; Fig. 3.4).  1258 
 70 
 1259 
Figure 3.4. Linear relationship between NEP measurements from EC and NEP of 1260 
residual stems.  1261 
 1262 
 A confounding variable in growth release of residual live pine trees after 1263 
MPB attack is the rate of fall-down of canopy pine trees.  A Pearson correlation 1264 
between stem C-storage from tree core data and percent downed trees was 1265 
strongly positive and significant (r = 0.915, p=<0.001).  Linear regression analysis 1266 
of these two variables indicated a strong positive relationship between these 1267 
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variables (R2 = 0.837, p=<0.001; Fig. 3.5). 1268 
 1269 
Figure 3.5. Linear regression line for percent downed trees following MPB 1270 
outbreak versus NEP of residual tree stems.  1271 
 1272 
 1273 
 72 
Discussion 1274 
Growth release at Kennedy Siding 1275 
 Understanding how lodgepole pine stands will release following MPB-1276 
outbreaks is critical for future management of these stands.  Amoroso et al. 1277 
(2013) found that residual live lodgepole pine trees responded with a ~75% 1278 
suppression to a ~750% release following an MPB-outbreak in southeastern BC.  1279 
Kennedy siding lodgepole pine trees saw a more exaggerated release response 1280 
with trees having a growth change of -53% to +2326%.  The Kennedy Siding 1281 
stand is a poor site and the pre-outbreak growth was trivial, thus allowing post-1282 
outbreak annual growth of 1.21 mm to indicate an enormous percent release.  1283 
 Axelson et al. (2009) and Amoroso et al. (2013) indicated that stands with 1284 
>70% MPB mortality have a more substantial growth release than stands with 1285 
<70% mortality.  Kennedy siding having >70% mortality from MPB supports their 1286 
findings as almost all (96.9%) of the trees at KS released with an average 1287 
release of 392%.  This trend is in agreement with the expectations of Brown et al. 1288 
(2012a) and Bowler et al. (2012) that residual trees at KS are undergoing a 1289 
growth release following the recent MPB-outbreak and are aiding in the recovery 1290 
of ecosystem scale C-storage.   1291 
 1292 
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Effects of stand characteristics and environmental factors on 1293 
ring widths   1294 
Age class effects on C-storage 1295 
 Age classes had a growth release trend inverse to what was 1296 
hypothesized.  Younger trees were expected to have the largest growth release, 1297 
as most trees at Kennedy Siding are similar in size suggesting that older 1298 
lodgepole trees of the same size would likely be growing on poorer sites.  1299 
However, there was a trend of the oldest trees having the largest percent release 1300 
and the youngest trees undergoing the smallest percent release.  If larger trees 1301 
were older they may have been better able to take advantage of excess 1302 
resources; however, there was no significant relationship with age and size class 1303 
with many of the very old trees being small trees.  Another possibility is stand 1304 
density characteristics; if young trees are in a higher density location it is likely 1305 
that the release of resources would be less than areas of lower density.  1306 
Size class effects on growth release and C-storage  1307 
 Size class was expected to affect the growth release and C-storage of 1308 
residual trees.  Smaller trees were expected to have a higher percent release, as 1309 
these sub-canopy trees would experience increased direct solar radiation.  1310 
Smaller trees would also likely have lower pre-outbreak growth rates and 1311 
therefore require less of an increase to see substantial percent increases.  1312 
However, larger trees were expected to have higher C-storage as larger trees 1313 
store more C per unit of radial growth.  As expected, smaller trees had a higher 1314 
percent release (476%) than larger trees (308%) at Kennedy Siding.  Even 1315 
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though smaller trees had a larger percent release, the post-outbreak mean 1316 
annual ring-width of 0.917 mm was less than the larger tree mean annual ring-1317 
width of 1.503 mm.  In addition, the smaller trees would have less volume per 1318 
unit of radial growth further emphasizing the importance of the larger trees for 1319 
overall C-storage.  Smaller trees had a larger percent release due to very tight 1320 
rings pre-outbreak but larger trees contribute more to C-storage.  Overall, the 1321 
effect of diameter class on percent release was significant, with the smaller trees 1322 
have a greater percent release, contrasting with Amoroso et al. (2013) who found 1323 
no significant relationship.  However, Amoroso et al. (2013) found that trees less 1324 
the 20cm diameter at attack had higher releases. At Kennedy Siding all trees are 1325 
less than 20 cm, thus the release would be expected to be larger.  1326 
Stand location 1327 
 Stand location was found to significantly effect the release of C-storage, 1328 
however, the effect was due to two plots being statistically different.  Plot two was 1329 
located on the edge of the study area in a location that had the highest stand 1330 
density, substantially higher than any of the other plots, plot five had the second 1331 
highest stand density.  These plots had the smallest growth releases as would be 1332 
expected if there were a higher degree of competition for resources.  This 1333 
suggests that post-outbreak stand density is a major variable affecting percent 1334 
growth release of residual trees.  1335 
Precipitation and temperature 1336 
 Temperature and precipitation are key environmental factors that effect 1337 
tree growth.  We found that mean annual C-storage had a positive response to 1338 
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more precipitation and warmer temperatures.  As Kennedy Siding is in northern 1339 
BC with a cool sub-boreal climate, it does not normally experience heat stress, 1340 
but drought stress is more likely due to very coarse textured soils that do not 1341 
retain water well.  1342 
Annual C-storage and percent downed tree 1343 
 Competition for light should decrease as overstory trees blocking sunlight 1344 
fall down opening the canopy (Coates and Hall 2005).  As light availability 1345 
increases the remaining live trees should see an increase in growth, thus aiding 1346 
in recovery of annual C-storage (Coates and Hall 2005).  At Kennedy Siding 1347 
there is a strong relationship between annual stem C-storage and the percent of 1348 
downed trees over the 11 years post outbreak.  This relationship agrees well with 1349 
the work of Coates and Hall (2005) that there will be an increase in growth as the 1350 
percent of downed trees increases.  Light transmittance was found to increase 1351 
22% from 27% in the green attack phase to 49% in the grey attack phase as 1352 
needles fell (Winkler et al. 2012).  Coates and Hall (2005) predict that an even 1353 
greater increase in canopy transmittance will occur following fall-down of snags 1354 
as stems and small branches block a large amount of light.  Theoretically the 1355 
growth release should continue until all dead trees are down and the full light 1356 
potential is realized.  1357 
Annual C-storage and NEP  1358 
 Annual C-storage of residual lodgepole pine trees was expected to be the 1359 
major contributor to EC NEP measurements at KS (Bowler et al. 2012; Brown et 1360 
al. 2012).   We found that there is a strong positive relationship between EC NEP 1361 
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measurements and C-storage of residual tree stems indicating that these 1362 
residual trees are responsible for much of the recovery of NEP after the most 1363 
recent MPB attack.  This supports hypothesis 1 and the predictions of Bowler et 1364 
al. (2012) and Brown et al. (2012a) that residual live trees are the major 1365 
contributors to NEP at Kennedy Siding.  In the two years following MPB-attack, 1366 
EC NEP was highly negative, as would be expected with the temporary elevated 1367 
levels of autotrophic and heterotrophic respiration (Rh) and diminished GEP 1368 
(photosynthesis).  1369 
 Therefore, if C-storage is a management goal, residual trees should be 1370 
retained on site following salvage harvests to minimize the overall C-losses.  It is 1371 
likely that residual trees from other disturbances such as spruce beetle 1372 
outbreaks, forest fires or any disturbance that has surviving trees would have a 1373 
similar response.  In boreal Ontario, a clear-cut with retention of some live stems 1374 
and a highly destructive wildfire that left no live trees were compared over a 27 1375 
year chronosequence found that the clear-cut with retention had more live tree 1376 
biomass at all stages of recovery, however, the results were not significant 1377 
(Seedre et al. 2014).  Using prescribed fire and thinning has been shown to 1378 
significantly increase the basal area increment in mixed oak forests in Ohio 1379 
(Anning and Mccarthy 2013) . Similarly, Whitehead et al. (2007) saw an increase 1380 
in growth rate following a thinning of ~45% of the volume from multiple lodgepole 1381 
pine stands, growth release following thinning events appears to be consistent 1382 
across multiple disturbance types.  1383 
   1384 
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Conclusion 1385 
 This study determined the importance of residual lodgepole pine trees to 1386 
stand-level C-storage.  Residual trees annual stem C-storage was found to have 1387 
a significant relationship with both EC NEP measurement and the percent of 1388 
downed trees.  These relationships show the importance of these stems in the 1389 
recovery of NEP following MPB-attack as well as how trees are able to continue 1390 
to undergo a growth release as light levels increase.   1391 
 The correlations with weather variables showed that C-storage increased 1392 
with warmer temperatures and higher precipitation.  Size class had an inverse 1393 
effect on percent growth release with plot location and potentially stand density 1394 
having a similar effect with high density plots having the lowest percent growth 1395 
release.   Age had no significant effect on growth release; however, the trend 1396 
was negative with the oldest trees releasing the most.  1397 
 Overall, this study confirmed the expectations of Bowler et al. (2012) and 1398 
Brown et al. (2012a) that residual stems are the major contributors to stand NEP.  1399 
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 1411 
Chapter 4: The future of unharvested MPB-affected 1412 
stands in the Omineca 1413 
Mountain Pine Beetle in British Columbia 1414 
 The mountain pine beetle (MPB) is an insect native to British Columbia 1415 
(BC) that has historically fluctuated from low level endemic populations to cyclical 1416 
outbreaks every 12-42 years (Alfaro et al. 2003; Safranyik et al. 2006; Axelson et 1417 
al. 2009, 2010).  Historically, natural disturbance regimes maintained forests at a 1418 
variety of successional stages aiding in forest resiliency to large scale outbreaks 1419 
(Campbell et al. 2007).  This natural mosaic began to change through forest 1420 
management which developed a more homogeneous forest landscape due to fire 1421 
suppression and clearcut harvesting (Campbell et al. 2007) and the creation of a 1422 
continuous expanse of susceptible lodgepole pine trees which allowed the recent 1423 
outbreak to cover the entire province of BC (Safranyik et al. 2006).  The other 1424 
major factor contributing to the perfect storm for the recent MPB outbreak was a 1425 
warming climate and elevated winter temperatures in northern latitudes (Ciesla 1426 
2015) which led to higher MPB winter survival (Raffa et al. 2008; Smith et al. 1427 
2012).   1428 
 The recent MPB outbreak in BC began in the late 1990’s and continued 1429 
until ~2012 when most outbreak centers had subsided (Walton 2013).  This 1430 
outbreak killed ~750 million m3 of merchantable pine across ~18 million ha of BC 1431 
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(Walton 2013), leading to concerns about future timber supply in the BC interior 1432 
(Forest Practices Board 2004).    1433 
 Understanding how MPB-attacked stands will recover following outbreaks 1434 
is critical to best manage pine forests to alleviate the looming timber supply 1435 
shortage.  In the midst of the MPB outbreak, with dire predictions from modeling 1436 
in regards to C-storage (Kurz et al. 2008), the Chief Forester raised the allowable 1437 
annual cut (AAC) in most interior regions of BC (Forest Practices Board 2004).  1438 
This increase in AAC temporarily allowed for an unsustainable harvest to recover 1439 
as much value from attacked pine stands as possible (Forest Practices Board 1440 
2004; Burton 2010).  This raise in AAC was decided on using the best 1441 
information available at the time. However, research done in response to the 1442 
recent outbreak indicated that the majority of stands will recover more rapidly if 1443 
residual live trees are protected (Bowler et al. 2012; Brown et al. 2012; Hawkins 1444 
et al. 2012).  1445 
   1446 
Predicted future of adequately stocked MPB-attacked stands 1447 
 Adequately stocked stands (>900 stems ha-1 and >4m height) following 1448 
MPB are very likely to recover to merchantable volumes within ~30 years, thus 1449 
contributing to mid-term timber supply (Burton 2006; Hawkins et al. 2012).  In 1450 
Central BC, ~75% of MPB-attacked stands meet stocking standards and 1451 
therefore are expected to recover within 30 years (Hawkins et al. 2012).  In order 1452 
to minimize losses of future timber supply, retention of residual vegetation is 1453 
critical during salvage harvesting operations (Burton 2010).   1454 
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 Residual trees typically undergo a growth release as competition for 1455 
resources decreases (Amoroso et al. 2013).  Trees can have substantial 1456 
releases which are positively correlated with the percent of overstory mortality 1457 
(Amoroso et al. 2013).  As trees release they can increase their annual growth by 1458 
up to 16 times (ch.3).  This release event can last for up to 23 years (Alfaro et al. 1459 
2003).  Through this release mechanism residual trees can aid in the rapid 1460 
recovery of wood volume on the stand.  1461 
Predicted future of MPB attacked stands not satisfactorily restocked 1462 
(NSR) 1463 
 For stands that are not satisfactorily restocked, clear management 1464 
objectives need to be outlined (Burton 2006).  In some stands the negative 1465 
effects of road building and green tree harvest may outweigh the benefits of 1466 
harvesting dead pine trees (Burton 2006).  If salvage harvesting is not the best 1467 
procedure, fill planting may be beneficial in returning the stand to its previous 1468 
state (Nigh et al. 2008).  In extreme scenarios, piling and burning the stand may 1469 
be the quickest and most natural way to “reset” the stand to an early seral stage 1470 
(Edwards et al. 2015). 1471 
Climate change and the future of lodgepole pine forests in BC 1472 
 1473 
Precipitation and effective moisture 1474 
 Climate change predictions expect northern latitudes to see increased 1475 
precipitation, with higher increases in winter (Arora et al. 2016; Erler and Peltier 1476 
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2016).  Higher precipitation could have a positive impact for most of BC’s interior 1477 
forest stands, but with growing season precipitation being more critical than 1478 
winter precipitation.  Unfortunately, summer precipitation is predicted to only 1479 
marginally increase, with a greater proportion falling in extreme events 1480 
(Environment Canada 2016; Erler and Peltier 2016).  In addition, warming 1481 
temperatures have resulted in the fall and spring experiencing an increase in rain 1482 
and a decrease in snow across Canada since the 1950’s (Mekis and Vincent 1483 
2011).  If snowpacks in BC melt earlier in the year and rainfall in the summer is 1484 
more sporadic, soil moisture availability may become more variable.  1485 
Temperature 1486 
 Western Canada is expected to see continued increases in temperature 1487 
as climate change continues, thus favouring a higher frequency of drought 1488 
events (Environment Canada 2016), driven in part by combinations of higher 1489 
temperatures and periods of low precipitation  (Environment Canada 2016).  In 1490 
addition, increased temperatures will increase evapotranspiration, decreasing 1491 
available soil moisture (Seneviratne et al. 2010).  As drought risk increases, the 1492 
ability of pine trees to defend themselves from beetle outbreaks decrease, 1493 
making future forests more susceptible to attack (Safranyik et al. 2006; Anderegg 1494 
et al. 2015).  Ultimately, declines in available water will negatively impact growth 1495 
rates of trees and therefore, decrease annual C-storage (Brown et al. 2012). 1496 
   1497 
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CO2 fertilization 1498 
 In the coming decades, BC is expected to see temperatures increase, 1499 
more in winter than in summer, due to rising levels of CO2 in the atmosphere, 1500 
which in turn could lead to a potential increase in growth rates of trees (Arora et 1501 
al. 2016; Environment Canada 2016).  Rising levels of CO2 also have a positive 1502 
relationship with water use efficiency (Farquhar 1997).  As trees become more 1503 
efficient with water at higher levels of atmospheric CO2, they should store more C 1504 
with available water remaining constant.  If the growing season length were 1505 
extended in conjunction with higher atmospheric CO2, growth rates of trees 1506 
would be positively affected increasing annual C-storage in BC.  Over the next 30 1507 
years we could see an increase in total forest carbon of up to 2500 Tg, a 15% 1508 
increase (Arora et al. 2016).  However, these predictions are based on a status 1509 
quo for other environmental variables, and do not include temporal changes in 1510 
extreme climatic factors changes or interaction of effects, nor the effects of 1511 
climate on biotic effects, e.g. pest or pathogen.  Climate change induced 1512 
changes in summer drought stress may dampen the positive impact of an 1513 
extended growing season (Arora et al. 2016).  Therefore, positive effects of CO2 1514 
fertilization on pine stands are possible, but not assured.  1515 
 1516 
Wind 1517 
 Wind gusts are expected to increase across all of Canada with climate 1518 
change (Cheng et al. 2013).  Wind gusts >70km hr-1 are expected to increase 10-1519 
20% in the future which would likely lead to a higher degree of wind-thrown trees 1520 
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in MPB-attacked forests.  However, since the majority of dead pine trees have 1521 
already fallen across BC (Jesse McEwen, personal observations), the impact on 1522 
current MPB-stands may be minimal.  If future wind events cause fall-down to 1523 
occur to a greater degree in green wood stands, it may inhibit beetle spread by 1524 
making it more difficult for MPB’s to find host trees (Whitehead and Russo 2005).  1525 
Risk of future MPB attack 1526 
 The MPB is expected to thrive as our climate warms and changes in 1527 
precipitation patterns lead to more droughts (Arora et al. 2016; Environment 1528 
Canada 2016; Williams et al. 2016).  Warmer winters lead to high brood survival 1529 
allowing MPB populations to expand rapidly (Taylor et al. 2006).  During a 1530 
drought, trees have weakened defenses and are more susceptible to beetle 1531 
attack (Williams et al. 2016).  Our changing climate has led to MPB extending its 1532 
known range into the boreal forests of Alberta, likely due to warming winter 1533 
temperatures (Ciesla 2015).  Hence, climate change will likely allow the MPB to 1534 
expand its range, experience longer outbreaks and reproduce faster (Ciesla 1535 
2015).  An effort should be made to not recreate vast landscapes of mature 1536 
lodgepole pine if we wish to avoid severe future outbreaks of MPB (Taylor et al. 1537 
2006).   1538 
 1539 
Fire effects on unharvested MPB-attacked stands  1540 
 The interrelationships between fire frequency, severity and intensity in 1541 
MPB-attacked stands is widely debated.  Fire models predict that under extreme 1542 
fire weather, MPB-impacted stands are more likely to maintain high severity fires 1543 
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as they have increased surface fuel loading, decreased canopy moisture, 1544 
increased ladder fuels and increased fine fuels (Collins et al. 2012; Schoennagel 1545 
et al. 2012; Jenkins et al. 2014).  In contrast, retrospective studies have found no 1546 
significant relationship between past MPB outbreaks and past fires from 2002-1547 
2013 (Hart et al. 2015).  Severe fires in the Western Unites States (US) have a 1548 
strong association with drought and no significant relationship with MPB-1549 
outbreaks (Kulakowski and Jarvis 2011).  This reduction in severe fire risk in 1550 
MPB-attacked stands has been attributed to decreased canopy bulk density in 1551 
the grey attack stage, decreasing the ability of a canopy fire to be sustained (Hart 1552 
et al. 2015).  Untreated stands following a MPB-outbreak will accumulate more 1553 
coarse surface fuels but both treated and untreated stands are not likely to 1554 
sustain a canopy fire until the canopy bulk density recovers (Collins et al. 2012).   1555 
   1556 
Future of C-storage in MPB-attacked stands  1557 
 Many stands would contribute to the mid-term timber supply if they were 1558 
left alone or selectively harvested to retain most of the residual trees. Recent 1559 
research demonstrates that the growth release of residual trees following MPB-1560 
outbreaks can help stands recover to merchantable volumes within 30 years 1561 
(Hawkins et al. 2012).  This rapid recovery could be critical in alleviating the mid-1562 
term timber supply crisis.  Recent research, including our own, has found that 1563 
stands can recover C-sinks in a few years after attack through compensatory 1564 
growth (Bowler et al. 2012; Brown et al. 2012; Hawkins et al. 2012; Mathys et al. 1565 
2013).  1566 
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 1567 
Conclusion 1568 
 The consequences of leaving MPB-affected stands unharvested is not as 1569 
dire as originally expected.  A majority of these stands should recover 1570 
harvestable volumes within 30 years (Hawkins et al. 2012) and appear to recover 1571 
C-sink status in as little as 3 years due to a significant growth release of residual 1572 
trees (Brown et al. 2012).  Insufficiently stocked stands may require intervention 1573 
from salvage harvest to burning, but depending on management goals, some 1574 
may not (Burton 2006).  Future large-scale outbreaks are likely to occur if we 1575 
continue to create monocultures of lodgepole pine.  Managing landscapes for 1576 
structural and tree diversity, including both deciduous and coniferous species, 1577 
would be beneficial to reduce the extent of future outbreaks.  I would suggest that 1578 
stricter guidelines for salvage harvesting be established to protect residual 1579 
vegetation.  Live residual trees could hold valuable genetic information for trees 1580 
to survive future epidemics, mitigating CO2 losses and conserving mid-term 1581 
timber supply.  1582 
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Appendix 1925 
Appendix 1. Kennedy Siding forest mean half hourly average and maximum wind 1926 
speed* between 9am-5pm on days tree heights were measured. 1927 
Height Sampling Date Mean Average wind 
speed between 9am-5pm 
(m/s) 
Mean Maximum wind 
speed between 9am-5pm 
(m/s) 
30-06-17 1.31 2.02 
26-07-17 0.87 1.64 
04-09-17 0.88 1.49 
28-09-17 .86 1.63 
26-10-17 1.12 1.91 
03-05-18 1.08 1.81 
24-05-18 N/A N/A 
13-06-18 N/A N/A 
05-07-18 N/A N/A 
24-07-18 1.06 1.71 
15-08-18 1.08 1.75 
10-09-18 0.37 0.91 
01-10-18 1.33 2.04 
22-10-18 0.3 0.63 
* Data acquired from Dr. David Spittlehouse and Vanessa Foord at the 1928 
Kennedy Siding EC flux tower meteorological station  1929 
 1930 
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Appendix 2. Relationship between TDR VWC values from 0-12cm (top) and 0-1931 
20cm (bottom) and actual values of VWC using mass of water and the volume of 1932 
the container of the Kennedy Siding substrate.  1933 
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Appendix 3. Stand densities of four size classes in the proximity of each of the 1938 
Kennedy Siding research plots.  1939 
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Appendix 4. Mean Diameter of large and small trees subtracting the annual 1942 
diameter increment of 2018 and 2017 from the October 2018 dendrometer 1943 
measurement.  1944 
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Appendix 5. Height to diameter relationship of kennedy siding trees.  1952 
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Appendix 6. Growing season mean temperature and precipitation from 1966 
Mackenzie airport.  1967 
 
Precipitation 
(May-
September) 
(mm) 
Mean 
Temperature 
(May-
september) 
© 
1997 211 12.76533392 
1998 196.5 14.37687987 
1999 231 11.59798618 
2000 205 11.66901075 
2001 264.5 11.83358991 
2002 
 
11.61546237 
2003 161 12.10189247 
2004 345.5 13.1732043 
2005 226 12.50815054 
2006 104 13.42810604 
2007 255.5 12.41367742 
2008 221.5 12.69860215 
2009 192 13.39423656 
2010 181.4 
 2011 359 12.30163441 
2012 224 13.14419355 
2013 231.1 14.14981773 
2014 130.6 13.55012903 
2015 204.1 13.49072154 
2016 281.7 13.50980645 
2017 275.4 13.36305376 
 1968 
